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Abstract 
 
Aim and background  
 
The aim of this study was to reconstruct fire regimes/history of an extensive arid to 
semi-arid region of Western Australia for the last 40 years by studying temporal and 
spatial fire scar patterns using remote sensing in a Geographic Information System 
environment. 
 
Methods 
 
A fire history database was constructed, for the years 1973-2012 of an area of Western 
Australia between the Murchison and Minilya Rivers, of all bushfires greater than 1 ha 
that were visible from Landsat satellite imagery ranging from 30 – 60m ground 
resolution. The data was analysed to characterise a general bushfire regime for the 
region which included: mean and median size of fire scars; range and mean count of 
bushfire numbers; and the effect that land-systems, vegetation types/structures, land 
tenure and climate had on the bushfire regime. 
 
The 82 land-systems were grouped into 4 main land types and the 141 vegetation 
types were grouped into 7 vegetation groups and 7 vegetation structural groups. The 
percentages of areas burnt were calculated and a correlation coefficient was calculated 
between total area and total area burnt for each variable within the study area. Land 
tenure was divided into 3 types and two discrete areas in the northern study area were 
compared to determine if land tenure had an impact on fire regimes. To assess the 
effect climate had on the bushfire extent I calculated their correlation to both cumulative 
rainfall and mean maximum temperature. A generalised linear model was used to 
determine which climatic variables impacted on the bushfire regime. 
 
Results 
 
A total of 23.8% of the total study area burnt during the study period. The individual fire 
scars ranged from <1 to >4000 km2. The frequency of fires ranged from 10-40+ years 
across the different vegetation types. 
 
The land type that burnt the most extensively in both the southern and northern study 
areas was Sandplains/coastal (southern — 16.6%; northern — 57%). The land type 
that burnt the least extensively in the southern study area was Alluvial/plains with 
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eucalypts/claypans group (2.3%), and in the northern study area it was the Hills/mesas 
group (~1%).  The Heathland vegetation (54%) burnt the most extensively in the 
southern study area and Hummock grassland (68%) in the northern. The northern 
study area had a greater variety of vegetation groups that burnt than the southern area 
(northern — 37; southern — 22). The Acacia Shrubland vegetation group contained the 
greatest number of fire fronts that stopped shortly after burning into this group. Only 
Shrub and Mallee structural groups burned in the southern study area (grass, tree, 
samphire shrub, chenopod shrub and bare did not burn); all structural groups except 
Mallee burnt in the northern study area. 
 
Two regions in the northern study area with structurally similar vegetation showed 
some differences in fire frequency when grazing activity by feral goats was restricted 
vs. unrestricted, though there was insufficient data for statistically relevant findings. The 
variables retained in the generalised linear models of fire extent were; rain in the 
previous two years to year of fire (positive relationship) and rain in the previous three 
years to fire (negative relationship) for the northern study area, and number of annual 
days over 35°C (positive relationship), rain in the year of fire (negative relationship) and 
rain in the three years prior to fire (positive relationship) in the southern study area. 
 
Conclusions 
 
Bushfire size distribution and frequency are comparable to other regimes in similar 
climates; however on average they tended to be larger. Infrequent, extensive (>4000 
km2) bushfires can skew the statistics since the area burnt contributes to mean values 
to a greater degree as the individual fires get larger. Such large fires are strongly linked 
to 2 year antecedent above average rainfall episodes, especially in the northern study 
area and particularly when pluvial periods are followed by droughts and above-average 
temperatures. The extent of a bushfire is partially dependent on vegetation type and 
structure, and land-system. More research needs to be undertaken to see how much of 
an influence (if any) grazing practices leads to difference in bushfire regimes. Predicted 
future changes in climate may lead to more frequent and higher intensity bushfires in 
the study area.  
 
This research furthers the understanding of bushfire regimes in arid Western Australia. 
It also contributes to expanding current knowledge of bushfires in an arid Acacia 
shrubland ecosystem and it should improve predictions and management of bushfires 
in these extensive regions of Australia.  
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1 Introduction 
 
Understanding bushfire regimes and history (time since last fire (TSF), 
frequency of bushfires, mean and median size of bushfires and spatial 
patterning) is an essential step in managing land effectively in areas that are 
prone to bushfires. Since bushfires can be highly destructive, it is important that 
land managers develop bushfire management plans that minimise harm to life 
and property and protect ecological diversity. The variability of land-systems, 
tenures, uses and management objectives necessitates that bushfire 
management plans are developed for specific areas. This study investigates the 
bushfire regime and history of a section of the mid-west coast of Western 
Australia, which is significant as the area contains unique ecosystems such as 
the tree heath system (a vegetation type in which mallee and other trees grow 
in thickets), which covers the climatic transition between the Eremaean and 
South West Botanical Provinces. It also contains large areas of Acacia 
shrublands and other arid and semi-arid ecosystems. The area is undergoing 
substantial land use and climatic changes with little known about how these 
changes have and will affect the fire regime. 
1.1 Biophysical determinants of bushfire 
 
For a bushfire to ignite and become established there are a number of factors 
that need to occur simultaneously. These include: 1) sufficient fuel to burn and 
the vegetation needs to be sufficiently dense for the bushfire to bridge gaps in 
the fuel (Griffin and Friedel, 1984a); 2) the climatic conditions need to be 
favourable with warm, dry and windy conditions being optimal for the spread of 
fire (Cruz et al., 2010; Turner et al., 2008); and 3) it needs an ignition source — 
this could be natural such as lightning or human induced such as prescribed 
burning for land management purposes (Russell-Smith et al., 2007). The 
pattern of bushfire in a landscape is influenced by a variety of factors including: 
vegetation type, land-systems (areas of land with relatively homogenous 
climate, vegetation, landform and soils), climate, and type of bushfire 
management.  Bushfires do not burn uniformly in a landscape for a number of 
reasons including: variability in surface and canopy fuels, vegetation 
composition, bushfire frequency, weather conditions, and topography (Sharples 
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et al., 2011). 
 
The amount and continuity of canopy cover exerts a great influence over 
bushfires (Fig. 1.1), especially in arid and semi-arid shrubland ecosystems 
(Anderson et al., 2015). Very open canopies have few bushfires because there 
is insufficient fuel. Sufficient antecedent rainfall (for grasses and ephemeral 
species to grow and cure) and optimal weather conditions (hot and dry with 
strong winds) are often needed before large bushfires can happen (Griffin et al., 
1983). Open canopy vegetation burns infrequently and less intensely because 
of lower fuel loads which are discontinuous (Turner et al., 2008). Mid-dense and 
dense canopies are generally not reliant on antecedent rainfall, but instead are 
related to fuel load build-up since the last fire and local weather conditions 
(Enright et al., 2012; Anderson et al., 2015). Dense canopies are less reliant on 
wind to drive the bushfire than open and mid-dense canopies because of their 
continuous fuel distribution. Dense canopies are capable of sustaining crown 
fires (Cruz et al., 2010). 
 
 
Very open canopy 
Bushfires rare, except after 
extensive rainfall. Wind and local 
weather conditions important in 
driving fires in grasses. 
 
Open canopy 
Infrequent bushfires, rainfall 
needed to fill in gaps in fuel. 
Otherwise wind and other local 
weather conditions important in 
driving fires in grasses. 
Mid-dense canopy 
Fire under right conditions. Fire 
spread likely to increase with 
higher wind and temperature. Fire 
likely to travel through canopy. 
Dense canopy 
Can support crown fires. 
Increasing density and cover of 
shrubs with time since last fire. 
|—Approximately 50 m—| 
Approximately 15 m 
|——————| 
Figure 1.1. Canopy influence on bushfires. Distance between vegetation was 
derived from averages of distinct vegetation units from images on Google Earth 
of the northern study area (Lake Macleod, 2015). 
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The fuel that is burnt in a bushfire can consist of dead ground fuel or dead and 
live standing fuel. Fuel accumulation rates are generally rapid after fire but tend 
to plateau after a period of time varying from years to decades (Plucinski, 2006; 
Dalgleish et al., 2015). In mulga shrublands the fuel load is significantly reduced 
after burning for at least one ensuing year, and it takes about five years to build 
up enough fuel for a subsequent bushfire depending on post-fire weather 
conditions (Griffin and Friedel, 1984a).  
 
Bushfire is a significant element of the Australian landscape with many plant 
species having fire adaptations to ensure survival of fires, with some plant 
species even requiring a bushfire event for regeneration (Bell, 1994; Freas & 
Kemp, 1983; Trauernich et al., 2012). Some plants have buds protected from 
fire, either beneath the soil, such as in lignotubers (e.g., Eucalyptus marginata) 
or rootstock (including many Acacia species), or under the bark in epicormic 
buds (e.g., most Eucalyptus), and will resprout after a fire event (Gill, 1981). 
Fire can also stimulate flowering in a range of species including Xanthorrhoea 
australis and Nuytsia floribunda (Gill, 1981). Hardseededness and the 
requirement for heat or smoke stimulation are other mechanisms limiting 
germination to periods immediately following bushfires (e.g., Acacia species) 
(Lamont & Downes, 2011.  
 
Triodia is a genus of obligate seeding, hummock-forming grasses endemic to 
arid Australia (Beard, 1990; Armstrong & Legge, 2011). According to Bradstock 
and Gill (1993), in vegetation types that are dominated by Triodia, it is the grass 
hummocks that are the driving force for the spread of bushfire. Triodia provides 
the necessary fuel for bushfires to extend across discrete fuel loads and it is 
known to contain flammable resins (Nano et al., 2012). It will usually only ignite 
if the moisture level is below a certain threshold — moisture in Triodia peaks at 
approximately 80% after four years before dropping to approximately 30% after 
18 years and these systems have an average fire return rate of between 7 to 20 
years (Burrows et al., 2009; Allan, 2009). Triodia has a greater propensity to 
regenerate after stand-destroying fires and usually does not experience a 
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subsequent burn until after seeding (usually four years) due to a lack of fuel; 
unless there is a significant rainfall even that allows for ephemeral species to 
proliferate (Rice & Westoby, 1999). 
 
In a study of two vegetation types (open woodland and groved mulga) in central 
Australia, Griffin and Friedel (1984a) found that the grassy understorey of the 
open woodland burned at a lower intensity than eucalypt woodlands and forests 
due to their lower fuel loadings, though bushfires often spread more easily 
through grassy understorey than eucalypt woodlands and forests due to their 
lower bulk densities. Cruz et al. (2010) found in a study of mallee-heath in 
South Australia that moisture content in live and dead fuel is the factor 
determining fire spread, with the fuel moisture content of aerial vegetation 
having a greater impact than litter fuel. In Acacia ecosystems rainfall heavily 
influences the amount of grassy fuel in arid and semi-arid climates (Turner, et 
al., 2008). The structure of Acacia shrublands can transform greatly from 
bushfire, with changes in canopies and destruction of seedlings (Nano et al., 
2012).  
 
Some systems are not fire prone and these include those that are dominated by 
succulent plants such as samphire shrubs and other chenopods that do not 
burn readily. Chenopods retain a high level of water in their tissues contributing 
to their fire resistance. According to Sharma et al. (1972) chenopod shrubs 
undergo a build-up of sodium chloride during the summer months irrespective of 
water content, which lowers the plants flammability. Mitchell and Wilcox (1994) 
state that samphire shrubs contain up to 24% sodium chloride, and grow on the 
fringes of salt lakes; both of which makes it less likely to be involved in a 
bushfire. 
 
Weather and climatic conditions influences whether a bushfire proliferates or 
can be extinguished. Antecedent rainfall strongly influences bushfires in arid 
and semi-arid regions of Australia (Turner et al., 2008). There is a correlation 
between higher antecedent rainfall (2 year cumulative rainfall) and increased 
bushfire activity in arid regions as the rainfall allows grasses to grow, bridging 
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gaps in fuel (Greenville et al., 2009; Sullivan et al., 2012). Bradstock et al. 
(2010) also found that weather has the greatest influence on bushfire severity in 
the south-east of Australia, and they suggested that increasing rainfall should 
result in greater vegetation cover which in turn could lead to increased bushfire 
frequency and severity.  
 
Australia has been undergoing a gradual warming and change in rainfall 
patterns over the last century (Cai, 2007; Reisinger et al., 2014; CSIRO & 
Bureau of Meteorology, 2015).  The change in climate may have, in part, 
resulted in an already altered fire regime (Clarke et al., 2013; Gibson, 2014). 
For instance, the area spanning from Kalbarri to Lake Macleod has seen an 
increase in rainfall in the north, but a decrease in the south; the average 
increase from 1950 to 2006 is +5.0mm per decade in the north with a decline of 
-5.0mm per decade in the south. The average annual temperature from 1910-
2006 increased by 0.5°C per decade in the north while in the south this increase 
was only 0.1°C per decade. Cai et al. (2007) suggests that temperatures will 
continue to increase in the area ranging between 1-3.4°C by 2050, which is 
similar to the results found by Hope et al. (2015) and Watterson et al. (2015) 
who modelled increased temperatures by 2030 of between 0.5-1.4°C. Change 
in precipitation is less clear with some climate models showing an increase in 
annual rainfall and a decrease in others (Hope et al., 2015; Watterson et al., 
2015). Changes in climate may have already led to an alteration in fire regimes 
across Australia. According to Malanson and Westman (1991) climatic changes 
that lead to increased fuel loads will most likely increase fire intensities and 
possibly fire extent. Since vegetation in temperate climates have bushfire 
activity associated with low rainfall and drought conditions and as semi-arid and 
arid climates usually have bushfires associated with high rainfall events a 
change in climate or seasonality of rainfall could have major impacts on bushfire 
regimes (Bradstock, 2010). 
 
In remote regions of Australia lightning is the main ignition source of bushfires 
(Russell-Smith et al., 2007). The area from Kalbarri to Lake Macleod has few 
thunderstorms and lightning strikes per year, with between 5-10 thunder days 
annually (Kuleshov et al., 2002) and between 0-1 lightning ground flashes km-2 
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yr-1 (Kuleshov et al., 2006). According to Kilinc and Beringer (2007) vegetation 
cover or elevation may also affect lightning strikes. They found that where 
vegetation cover appeared to have an influence on lightning strikes that the 
greatest number occurred in grasslands followed by shrublands and woodlands. 
Mooney et al. (2012) found that human-induced ignition increased rapidly 
shortly after European settlement in Australia with a sudden decrease in the 20th 
Century. Aboriginal burning practices before European settlement consisted of 
small fragmented fires which resulted in a fine-mosaic of fire-scar ages, which 
has now changed to a lower number of and more extensive fires due to many 
Aboriginal groups no longer burning areas (Russell-Smith et al., 2007). There 
are conflicting reports whether the number of annual bushfires increased or 
decreased during the change from traditional Aboriginal burning to burning after 
settlement (Fensham, 1997; Crowley & Garnett, 2000; Bowman et al., 2007). 
 
Many fires are lit intentionally each year throughout Australia for land 
management or cultural purposes (Friedel et al., 2014). For large numbers of 
other bushfires the cause may not be known definitively. According to the 
Department of Parks and Wildlife (previously Department of Conservation and 
Land Management, 2003) bushfires in Western Australia from July 2002 – June 
2003, were started by lightning strikes (42%), were deliberately/illegally lit (26%) 
and were from a mixture of other escaped and accidental fires (16%). A total of 
16% had origins that could not be determined.  
 
Mixed Triodia and Acacia aneura shrublands in central Australia have non-static 
vegetation edges which present challenges for analyzing fire patterns using 
remote sensing approaches (Bowman et al., 2007, 2008). According to Bond et 
al. (2005) bushfires allow the spread of grasslands by limiting the growth of 
trees and shrubs. It is thought that Acacia aneura stands decrease in size after 
intense and repeated bushfire events, which would allow an increase in 
grasslands. Griffin and Friedel (1984b) found that higher intensity fires resulted 
in more deaths of Acacia aneura which was counterbalanced by greater 
germination and establishment rates of this species, whereas a long fire return 
can result in the opposite – namely the expansion of Acacia aneura into 
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grasslands (Bowman, et al., 2008). Friedel et al. (2014) looked at central 
Australia and concluded that our current understanding of the vegetation 
dynamics that drive bushfires is inadequate to develop fire management 
practices that promote a diversity of vegetation communities. Mosaic 
landscapes of hummock grasslands and wooded stands do not burn evenly 
because wooded stands typically have low flammability and patchiness while 
grasslands are often highly flammable and present a continuous fuel source 
(Trauernicht, et al., 2012; Nano et al., 2012). Van Etten (1987) found narrow 
transition zones between hummock grasslands and mulga woodlands, with 
mulga occurring in valleys and hummock grasslands on hill slopes. The effect of 
fire, therefore, only affects the narrow transition zones between the mulga and 
hummock grassland vegetation. 
1.2 Recent fire regimes 
 
There is much discussion over whether fire regimes in Australia are consistent 
with pre-colonial regimes or significantly different. Bushfires have not historically 
been studied where they occur far from urban centres and this focus on 
populated areas can give an unrealistic view of bushfire activity Australia-wide. 
According to Craig et al. (2002) approximately 7% of the continent burns 
annually in Australia; between 300 000 - >700 000 km2. Fire can be highly 
destructive threatening lives and infrastructure but it is an essential component 
of most Australian ecosystems. For example, 173 people died while 3500 
buildings were destroyed or damaged and 4500 km2 burnt on the 7th February 
2009 during the wildfires in Victoria, Australia (Gibbs et al., 2010). While a fire of 
this intensity is rare in populated areas it can be equally devastating to natural 
environments; such as the fires that burnt over a five month period in the 
Tanami Desert in 2000 which burned 81 000 km2 (Allan, 2009). Fires in arid and 
semi-arid regions are often more extensive than those near populated areas 
and Allan and Southgate (2002) noted that grassland wildfires in northern 
Australia are extensive and often exceed 10 000 km2. Bushfires of this 
magnitude are often left to burn as there are few resources and little willingness 
to extinguish such fires (Gill & Allan, 2008). 
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The extensive fires mentioned above may be due to a change from traditional 
burning practices of Aboriginal people which resulted in small fires to large-
scale fires across Australia when Aboriginal people largely abandoned these 
practices and moved into more permanent settlements (Russell-Smith et al., 
2003; Burrows et al., 2006, Vaarzon-Morel & Gabrys, 2009). These changing 
fire types can have disastrous effects for native flora and fauna as they do not 
have time to adapt to the new regime (Burrows, et al., 2006). Burrows et al. 
(2006) suggested that biodiversity is best served by fire patchiness in terms of 
fire size and frequency. Fires that are too regular or too intense (or too seldom 
and not intense enough) can alter the vegetation composition of a landscape 
(Griffin & Friedel, 1984b; Penman et al., 2007) and could even lead to a loss of 
species. Griffin and Friedel (1984a) suggest this is mainly due to the effects of 
the timing of the fire on different developmental stages of individual plant 
species. Bushfire intensity, although an important aspect of understanding fire 
regimes, is not a part of this study as it is difficult to assess from satellite 
imagery and aerial photography. 
 
Fire frequency directly impacts fire severity by influencing the fuel load available 
(Collins et al., 2007). After a fire, regeneration of vegetation is dependent on 
many factors including: rainfall, temperature of the fire, duration of the fire and 
surviving soil and serotinous seed banks (Whelan, 1995). There is a high 
correlation between rainfall and area burnt in subsequent years in semi-arid 
regions due to the high growth rate of grasses, both ephemeral and perennial 
(Griffin & Friedel, 1984a; Allan & Southgate, 2002; Turner et al., 2008). 
O’Donnell et al. (2011) suggested that the correlation between interannual 
rainfall and fire severity is due to the curing of ephemeral grass species. Allan 
and Southgate (2002) found that fire intervals in central Australia can vary 
between five and twenty years due to differing weather patterns, with more 
frequent fires occurring in areas with regular rainfall. Understanding regrowth of 
vegetation and build-up of fuel after fire events will assist land managers in 
predicting, preventing and managing wildfires.  
 
Wittkuhn et al. (2009) suggested that an understanding of the various fire 
frequencies of a region is important since fire frequency could affect species 
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composition. There has been one previous study on bushfire regimes that 
included the majority of Western Australia; this was an Australia-wide study over 
six years that analysed the fire regime for each major climatic zone of the 
continent for fires greater than 1km2 in size (Turner et al., 2008). This study 
found that 13% of the climatic region that starts just north of Kalbarri 
(grasslands; hot, summer drought) burnt in the six year study period and that 
only 1% of the climatic region that included Carnarvon (desert; hot, summer 
drought) burnt in this period. There is no study showing the fire return interval 
for these regions. Enright et al. (2012) conducted a study of coastal heathland 
in Western Australia and found an average fire interval of 28 years at 
Arrowsmith (approximately 85km south of Geraldton) and 21 years at Eneabba 
(approximately 125km south of Geraldton).  Burrows et al. (2009) found that 
hummock grasslands have the potential to carry fire at a frequency of 5-7 years 
depending on rainfall. However in these systems maximum fuel levels are only 
achieved after 18-20 years. According to the Bureau of Meteorology (2014) the 
bushfire season for north of Kalbarri is spring and summer, and the area around 
Carnarvon spring, although Russell-Smith et al. (2007) found in an Australia 
wide study that the majority of bushfires in the total area occurred from spring 
through to summer which is supported by Craig et al. (2002) who determined 
seasonal fire ‘hot spot’ distributions over Australia and found the majority of 
large fires from Kalbarri to Carnarvon occur in February (late summer). Allan 
(2009) found that hummock grassland vegetation in central Australia generally 
has fire return intervals of between 7-20 years, with the higher intervals 
correlating with the lower rainfall periods.  
 
Fire size is important, as large fires contribute most to total area burnt even 
though they may be relatively rare occurrences (Kraaij and van Wilgen, 2014; 
Allan, 2009; Nano and Clarke, 2010). For this reason the median size of fires is 
an important variable, which seems to be lacking in the literature. In the 
O’Donnell et al. (2014) study looking at a region in the south-west of Australia 
around Lake Johnston bushfires ranged from 1.8 to 1519 km2; the study found 
the causes of large fires (climatic conditions) differed to that of small and 
medium sized fires. Allan (2009) found a mean fire size of 591km2 in hummock 
grassland and 381km2 in Acacia shrubland in central Australia. 
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 Bushfires in similar global climate and vegetation structure are typically smaller 
than those found in Australia. In similar vegetation and climate types to the area 
of this study in California, Brooks and Minnich (2006) found bushfires averaging 
from 0.22 km2 to 0.76 km2 in extent, and that the total cover burnt for various 
vegetation types had at the most a mean of 0.3% yr-1, though there was one 
bushfire that exceeded 4000 km2 in the Mojave Desert. Fynbos vegetation in 
South Africa is similar in that the area burnt by bushfires is dominated by 
relatively rare, large fires (Kraaij and Wilgen, 2014), though the size of the 
largest fires are smaller than those found in Australia. In a study conducted in 
eastern coastal fynbos the largest fire recorded for that area was 419 km2 
(Kraaij et al., 2013). Govender et al. (2006) found in grasslands in Kruger 
National Park, where fuel accumulates for 4-5 years post-fire before degrading 
after 6 years, that the fire return interval is between 3-6 years, and in areas of 
intense grazing, with smaller fuel loads, fires are less intense. In California, 
bushfires can alter the composition and structure of a community with repeated 
bushfires disfavouring the expansion of shrubs allowing grasslands to 
proliferate (Humphrey, 1974; Bendix & Cowell, 2010). A similar situation was 
found by Bond et al. (2005) in Australian grasslands that have the potential to 
support dense shrub and woodlands if the bushfire regime is interrupted and 
succession allowed to occur.  
1.3 Land management 
 
Fire regimes have been changing since Europeans colonised Australia and 
many of the fire regime changes found by Russell-Smith et al. (2003) in 
northern Australia are related to land use changes. There has been a gradual 
reduction in the number of grazing properties many of which have become 
nature reserves, or are in the process of doing so; this has resulted in a 
reduction of domestic grazers and possibly an overall reduction in grazing from 
native and feral species (van Etten, 2013).  
 
Much of the arid and semi-arid region rangelands of Western Australia consist 
of arid Acacia woodlands and shrublands. According to Brandis (2008) the 
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rangelands were exploited as pastureland for sheep and cattle as the state 
became settled by Europeans. Since water sources are scarce, grazing 
properties originally followed permanent water sources with drier land being 
settled only when technology allowed for the detection of underground water 
sources and the drilling of deep wells. Grazing is concentrated near water which 
results in uneven patches of highly used vegetation surrounding the permanent 
sources (Pringle & Tinley, 2003). High intensity grazing has also occurred in 
Western Australia since the late 1800’s due to the variable weather conditions 
leading to overstocking in dry years on pastoral leases (Brandis, 2008). 
 
Since 1955 there has been a gradual trend of reducing pastoral leases in the 
traditional rangeland areas (Brandis, 2008; van Etten, 2013), with most of the 
reduction occurring since 1995 and the leases becoming voluntary state land 
acquisitions for conservation reserves. Former pastoral land is destocked, 
dewatered and native grazers managed for conservation, potentially resulting in 
increased fuel loads. If the fuel loads have increased this may have in turn lead 
to an altered fire regime. Brandis (2008) suggested that more research is 
required in the rangelands, for the development of effective fire management 
strategies since the knowledge base is currently inadequate. Destocking has 
mainly occurred over the past 15-20 years and this period may not be long 
enough (depending on fire frequency and rainfall) to show significant changes in 
the fire regime. 
 
Fire management needs to be specific to a particular area since the greater the 
knowledge of an area, the greater the ability to effectively manage the land. 
According to Petty and Bowman (2007) appropriate fire management strategies 
for land management are still being debated mainly around the issues of fire 
frequency, timing and fine scale heterogeneity. With wildfire being such a 
frequent occurrence, it is important to understand how landscapes respond to 
these events; this in turn will assist land managers in developing appropriate 
and informed fire management plans. Building an understanding of the fire 
regime and history of an area is paramount to the development of a successful 
fire management strategy (Whelan, 1995; Morgan et al., 2001).  
 
21 
 
1.4 Geographical Information Systems and remote sensing 
 
The majority of Western Australia has a population density of less than 0.1 
persons per square kilometre (Australian Bureau of Statistics, 2011). Due to this 
low population the infrastructure, in most of the State, is limited and the scale of 
fires in remote regions is usually large, hence the use of remote sensing and 
Geographic Information Systems (GIS) in studying fire becomes imperative. 
Using GIS to record fire and its history over long time periods has been found to 
be valuable (Díaz-Delgado & Pons, 2001), and Coluzzi et al. (2010) showed 
that satellite imagery can be used successfully to reveal bushfire regimes over 
large spatial scales. However, Ludwig et al. (2007) have found that relying 
solely on remotely sensed data can be flawed and ground-truthing is often 
required to validate data. Care needs to be taken when using remotely sensed 
data since it is possible to misinterpret images and consequently miss or add 
fire scars erroneously. In particular, small fire scars may be missed completely 
(Zhang et al., 2000). Also, cloud cover can interfere with images and imagery 
may not be captured frequently enough to precisely determine fire dates. There 
are certain aspects of fire regime, such as intensity, that cannot be readily 
determined by remote sensing techniques thus this project does not attempt to 
measure fire intensity.  
 
There are a number of remote sensing tools that are used in fire detection and 
management, these include: Moderate Imaging Spectroradiometer (MODIS), 
Landsat, Advanced Very High Resolution Radiometer (AVHRR) and aerial 
photography. Aerial photography of the state varies between 1:20 000 – 1:85 
000 ratio which allows for a much greater resolution, often of a few meters; the 
implications for viewing fire scars is that much smaller fires and fire scars can 
be seen, however access to the images can be prohibitively expensive 
(Fensham & Fairfax, 2002). Satellite imagery does not always have the fine 
resolution of aerial photography; however it is captured in a wider range of 
wavelengths and spectral resolution allowing for greater data manipulation 
(Harvey & Hill, 2001; Qu et al., 2008). The Landsat Multi-spectral scanner has 
been used to successfully document the fire regime of Kakadu National Park 
and has a resolution of between 30-60m (Gill et al., 2000; U.S. Geological 
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Survey, 2014). According to Craig et al. (2002) the Advanced Very High 
Resolution Radiometer (AVHRR) was the satellite sensor that was used to 
detect bushfires on a continental scale until 2002; however it could not detect 
fires smaller than 4 km2. In 2002 the Sentinel Hotspots system was developed 
by the Commonwealth Scientific and Industrial Research Organisation (CSIRO), 
Australian Defence Imagery and Geospatial Organisation (DIGO) and 
Geoscience Australia which uses MODIS images to provide a near real-time 
detection system of fires greater and less than 1 km2 (Held et al., 2003). Both 
AVHRR and Sentinel Hotspots systems are used for fire detection and are 
useful tools to assist with bushfire mapping. Depending on the imagery it is 
possible to detect bushfire scars smaller than 1 km2 by viewing the satellite 
imagery manually. Bushfire scar mapping by government agencies is often 
automated (e.g. Sentinel Hotspots used for mapping bushfires in Australia 
(Geoscience Australia, n.d.b) and FIRMS Web Fire Mapper which shows 
current and historical bushfires worldwide (FIRMS Web Fire Mapper, n.d.)) 
using satellite imagery such as MODIS. The automation has limitations such as 
false-positives from sun glints off water and aircraft contrails, however with 
increased computing power and improved algorithms these limitations are 
beginning to be overcome (Justice et al., 2006). 
 
This study focuses on an arid to semi-arid region of Western Australia extending 
from north of the Murchison River to the Minilya River north of Carnarvon. The 
region was selected based on climate (arid – semi-arid) and vegetation (shrub-
dominated vegetation), and because of the variability associated with the large 
area it was divided by the Wooramel River into a northern and a southern study 
area (Fig 2.1).  The southern study area includes the divide between the 
Eremaean and Southwest Biogeographic Regions that include different 
vegetation types and climates; the Southwest Biogeographic Region has a 
higher annual rainfall and lower average annual temperature than the 
Eremaean Biogeographic Region. 
1.5 Aims 
 
To date, no extensive quantification of the fire regime or history has been 
undertaken in remote arid to semi-arid regions of Western Australia. Thus the 
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aim of this project was to reconstruct fire regimes/history for the last 40 years in 
a spatially extensive arid to semi-arid region by studying temporal (1973-2012) 
and spatial fire scar patterns using remote sensing in a GIS environment. 
Specifically, the study aimed to: 
1. use fire scars to characterise contemporary fire regimes and history 
both temporally and spatially, 
2. determine the influence of landforms and vegetation on fire regimes, 
3. determine if land use and changes in land use have influenced the 
fire regime, 
4. determine if climate and possibly climate changes have influenced 
the fire regime. 
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 2 Methods  
 
2.1 Study area 
 
An area of arid to semi-arid Western Australia extending from north of the 
Murchison River to the Minilya River for the study (totalling 65 725 km2) was 
divided into a northern and southern section because of differing vegetation and 
land-system types, and different weather patterns. The study areas (indicated 
by the blue and red lines in Figs 2.1 and 2.2) were chosen as they: 1) have a 
mix of land uses that has changed over time 2) have relatively consistent 
seasonal rainfall patterns, although the annual rainfall has changed since 1980 
3) contains the divide between the Eremaean and South West Biogeographic 
Regions in the southern study area 4) contain natural boundaries including 
rivers, salt flats and sand dunes. There is also a lack of knowledge of the fire 
regimes and history for the areas.         
 
Figure 2.1. Area of study showing the Interim Biogeographic Regionalisation for 
Australia (IBRA) with the southern study area in red and northern study area in blue. 
Kalbarri 
. 
. Carnarvon 
. Geraldton 
. 
Karratha 
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Figure 2.2. Satellite imagery of the northern (blue outline) and southern (red 
outline) study areas. 
Straight lines indicate overlapping images; straight blue and red lines indicate the left 
and right side of individual images respectively (NASA Landsat Program (2002)a, 
NASA Landsat Program (2002)b, NASA Landsat Program (2002)c, NASA Landsat 
Program (2002)d, NASA Landsat Program (2002)e, NASA Landsat Program (2002)f, 
NASA Landsat Program (2002)g). 
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The extent of this project is the land to the west of the Yilgarn Craton (Archeaen 
granite and less common iron and magnesium rich volcanic rocks occupying 
most of the inland parts of central and southern Western Australia, which due to 
long periods of stability have weathered, leading to extensive areas of soil being 
developed) and bounded on the north and south by rivers: the Minilya and 
Murchison Rivers respectively with the Wooramel River dividing the northern 
and southern study areas. The eastern limit is bounded by the Errabiddy Hills in 
the southern study area and the east side of the Kennedy Range in the northern 
study area, with the western edge being the coast with the exclusion of the 
distinctive Zuytdorp Land System which is a coastal dune and cliff feature on 
the south-west edge of the study area; islands and the area north of Shell 
Beach on the Peron Peninsula were not included in the study as they are likely 
to have separate fire regimes (Fig 2.2). The Murchison River is situated 
approximately 470km north-west of Perth, the Wooramel River approximately 
720km and the Minilya River approximately 920km. The surface geology of the 
majority of the area is eolian sand plains (Butcher et al., 1984; Denham et al., 
1985; Hocking et al., 1982; Van de Graaff et al., 1983) with a small amount of 
marine and continental sedimentary rocks, and marine limestone, sandstone, 
and valley-fill deposits (Geological Survey of Western Australia, 2013). The area 
between Kalbarri and Shark Bay contains the transitional rainfall zone (Fig. 2.3); 
changing from a mediterranean climate in the south — 300-800mm y-1, to semi-
desert mediterranean in the north — <300mm y-1 (Hopper, 1979). The average 
annual rainfall of the study area ranges from 346mm y-1 at Kalbarri to 233mm y-1 
at Gnaraloo. According to Payne et al. (1987) the northern study area contains 
three climatic zones (Fig. 2.4); semi-desert mediterranean in the south, semi-
desert (low summer and winter rainfall) along the coast — approximately 
230mm y-1, and desert (very low summer and winter rainfall) inland — 
approximately <200mm y-1 (Bureau of Meteorology, 2011). 
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Figure 2.3. Average annual rainfall in mm. Divide between 300-400mm y-1 and 
200-300 mm y-1 denotes the transitional rainfall zone. Data sourced from 
Australian Bureau of Meteorology (2012).  
 
Figure 2.4. Thermal climate zones for study area. Data sourced from Australian 
Bureau of Meteorology (2012). 
. 
Kalbarri 
Shark 
Bay 
. Carnarvon 
Carnarvon . 
Shark 
Bay 
. 
Kalbarri 
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 The study area consists mostly of pastoral land with some nature reserves 
(including Zuytdorp Nature Reserve and Toolonga Nature Reserve) and national 
parks such as Kennedy Range National Park in the northern study area. The 
Zuytdorp Land System has been omitted from the study area along the south-
western edge as this land-system consists of cliffs and dunes which do not burn 
readily. However, the Zuytdorp Land System was included if it was found in 
other sections of the study area so as not to create holes in the study area 
(three other sections of Zuytdorp Land System are found elsewhere in the study 
area totalling 4.8 km2). There are a variety of soil types in the study region, 
including: shallow gravelly loams, red deep sand and yellow deep sand 
(Geological Survey of Western Australia, 2013). The differing soil types support 
contrasting vegetation systems. These include: Acacia sandplain 
shrubland/woodland, mallee - Acacia sandplain shrublands/woodlands and 
sandplain - wanderrie grass shrubland (Hennig, 2009).  
2.2 Southern study area 
 
The total area of the southern study area is 28877.52 km2. The southern 
boundary of the southern study area is the Murchison River which consists of 
Tumblagooda Sandstone, Garnet and Alluvium (Hocking, et al., 1982). The 
eastern boundary starts approximately 115 km inland from the coast at the 
southern end and ends approximately 130 km from the coast at the northern 
end. The eastern boundary runs in a nearly straight line northwards abutting 
against Yilgarn Craton. The eastern boundary consists of playa salt lakes and 
dune terrain (Myers, 1995) and hence may represent natural fire boundaries. 
The northern boundary is the Wooramel River, an intermittent river 
approximately 720 km north-west of Perth. The Wooramel River consists of 
playa, alluvium and eolian sand (Van de Graaff et al., 1983). Along the western 
edge by the coast is a section of Tamala Limestone and covering Edel Land 
(Butcher, et al., 1984; Hocking, et al., 1982) which has been excluded from the 
study as they constitute the Zuytdorp Land System. The islands including Dirk 
Hartog Island, the headlands north of Useless Loop Road and the area north of 
Shell Beach on the Peron Peninsula are not included in the study as the 
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peninsulas are separate from the mainland by narrow connections which is 
likely to constrain bushfires to those areas. The geology of the study area 
mostly consists of the Carnarvon Basin, with small areas of the Perth Basin and 
Byro Sub-Basin in the southern most section (Hocking, 1991). 
2.3 Northern study area 
 
The total area of the northern study area is 36847.78 km2 and sits entirely within 
the Carnarvon Basin (Burbridge et al., 2000). The southern boundary of the 
northern study area is the Wooramel River. The eastern boundary starts 
approximately 160 km inland from the coast at the southern end and ends 
approximately 170km at the northern end and runs approximately 10° west of 
north. The eastern boundary consists of exposed rock, saprolite and saprock 
(Geological Survey of Western Australia, 2013). The southern boundary of the 
northern study area is the Wooramel River. The eastern boundary follows a 
subsidiary of the Wooramel River and then the Lyons River. The northern 
boundary is confined by the Minilya River.  The Gascoyne River runs through 
the centre of the area from east to west; it consists of drainage channels, 
floodplains and deltas (Geological Survey of Western Australia, 2013). The 
majority of the northern study area consists of eolian sandplains with some 
residual deposits; running up the eastern edge is exposed rock, saprolite and 
saprock (Geological Survey of Western Australia, 2013). 
2.4 Spatial datasets 
 
This study used spatial data in a Geographical Information System (GIS) to 
characterise fire regimes and history for an area where they are poorly known 
and to determine if changing land use and/or climate change has influenced the 
fire regime for the study area. The project used numerous georeferenced digital 
data layers in GIS including: fire scars (created specifically for this study from 
satellite imagery interpretation), vegetation, land tenure, land-systems, 
temperature, rainfall, water courses, coastline and geology (Table 2.1). Weather 
stations with long term records (Kalbarri, Eurardy, Billabong Asa, Tamala, 
Hamelin Pool, Marron, Ella Valla, Minilya, Gnaraloo, Murchison, Gascoyne 
Junction, Carnarvon Airport and Geraldton Airport) were chosen to give the 
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most complete summary of the area from the weather stations available (see 
Appendix D).  
Table 2.1. Digital datasets used for mapping and analysis. 
Dataset How the original 
dataset was utilised 
Scale Citation 
Pre-
European 
vegetation 
Vegetation types were 
grouped into 
vegetation type groups 
(7 groups, see 2.7.1) 
and structural types (7 
groups, see 2.7.2). 
1:250 000 
 
Department of 
Agriculture and Food, 
WA; 2011 
Land tenure Land tenure was 
grouped into three 
types (see 2.8). 
1:250 000 
 
Department of 
Agriculture and Food, 
WA, 2010; Department 
of Environment and 
Conservation, 2010 
Land-
systems 
Land-systems were 
grouped into four 
types (see 2.6). 
1:250 000 
 
Department of 
Agriculture and Food, 
WA, 2009 
  
Temperature Point data was 
averaged over the 
north or south study 
area. 
Point data 
 
Bureau of Meteorology, 
2011 
 
Rainfall Point data was 
averaged over the 
north or south study 
area. 
Point data 
 
Bureau of Meteorology, 
2011 
Water 
courses 
Used for mapping, but 
not analysis. 
1:1 000 000 
 
Department of Land 
Administration, 2002 
Coastline Used for mapping, but 
not analysis. 
1:250 000 
 
Department of Mines 
and Petroleum, 2008 
Geology Used for mapping, but 
not analysis. 
1:500 000 
 
Department of Mines 
and Petroleum, 2010 
 
 
The data layers were compiled in ArcGIS v10 (Environmental Systems 
Research Institute Inc., 2011) with Spatial Analyst extension available in the 
Edith Cowan University’s GIS lab at Joondalup. All layers were checked for 
integrity to establish that data coordinate systems were compatible and all 
polygons regular and that all data layers consisted of Transverse Mercator 
projection. Digitising and mapping was achieved using the WGS 1984 UTM 
Zone 49S datum. The imagery used for the project came from Landsat satellites 
and were a mixture of Multispectral Scanner (MSS) images from Landsat 1-3 
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(1973-1982, 60m ground resolution), Thematic Mapper (TM) from Landsat 4-5 
(1983-1998, 30m ground resolution) and Enhanced Thematic Mapper Plus 
(ETM+) from Landsat 7 (1999-2012, 30m ground resolution). TM images were 
chosen when they became available as they have a finer resolution. Although 
MSS images have a coarser resolution I am confident that all major bushfires 
were documented. Satellite imagery was downloaded from the United States 
Geological Survey Earth Explorer website (earthexplorer.usgs.gov). Where 
able, two image compositions for each year were chosen; one from the middle 
of the year (around July) and the other from the end of the year (around 
December) and working backwards from those times when the images were not 
suitable (Appendix E). Unsuitable imagery not usable for the study included 
images with cloud cover or when the imagery was corrupted. Two years, 1980 
and 1985, had no usable satellite imagery for the entire study area. For some 
years only part of the study area imagery was able to be accessed, for these 
years (as well as 1980 and 1985) the data was not included in the calculations 
of average yearly burnt areas. In 2003 the scan line corrector became faulty 
and was disabled on Landsat 7 (Storey et al., 2005). The images prior to this 
were usable in a single downloadable TIF format in true colour images. After 
2003 the images were downloaded with 8 bands separately and combined in 
ArcGIS v10 to provide a single usable true colour image; since the images 
overlap, the missing sections around the edges were not of consequence. 
 
Because this is a one-off project it was decided to manually digitize the fire 
scars, viewing the satellite imagery rather than using the Normalized Difference 
Vegetation Index (NDVI) due to the numerous false positives that are found in 
areas that contain salt lakes, such as those found in the study area. The 
Normalized Burn Ratio was not needed to be used since the fire scars were 
visible in satellite imagery without image manipulation. Only the portions inside 
the study area were included for fires that crossed the study area boundaries. 
All fire scars larger than 1 ha were digitised. After imagery was downloaded as 
TIF files and imported into ArcGIS, care needed to be taken to ensure the 
imagery was georeferenced correctly by comparing permanent topographic 
features such as river beds and coast lines with data layers that had been 
confirmed previously. Once placed correctly manual digitisation occurred at the 
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greatest magnification that allowed for viewable fire scars. This depended on 
the resolution of the image, with older images having greater pixelation, as well 
as atmospheric interference such as light cloud cover. Each year of satellite 
imagery was checked for any new fire scars (i.e., not on previous years 
imagery) which were then digitised. As it was not possible to determine exact 
dates for fires from the data available, only the year that the fire scar appeared 
was attributed to each polygon. Fire scars were able to be clearly distinguished 
on satellite imagery as a difference in vegetation colour; they show as much 
lighter in colour, green in the south and ochre in the north (see Fig. 2.5 for 
example of a fire scar in the northern study area). Areas of fire scar polygons 
were calculated in ArcGIS using various geoprocessing tools (clip, intersect and 
calculate geometry) and exported to Microsoft Excel 2010 for data analysis. 
  
Figure 2.5. Satellite image showing fire scars in blue circle in the northern study 
area (NASA Landsat Program, 2002d). 
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2.5 Fire regime 
 
To determine the general fire regime, I calculated the mean and median size of 
fire scars, their range and mean fire scar count for the entire study area. The 
minimum time since last fire (TSF) was designated by the most recent fire in 
each distinct patch of each vegetation type; areas that did not burn throughout 
the study period were given a value of 40 years. From this the average TSF and 
range were calculated for vegetation groups and structural groups. Any distinct 
areas that burnt more than once during the study period were included in the 
fire frequency analysis. Fire scar polygons were overlaid and any overlapping 
regions were considered reburnt areas for each vegetation type; from this the 
average, range and count were calculated. Vegetation types that did not burn 
during the study period were not included in the analyses for determining how 
often and when vegetation types last burnt as this data was not available. Burn 
direction was determined by viewing polygon shape and noting the leading 
edge which appears as fingers of burnt vegetation. The fire direction for some 
polygons was not clear and thus could not be determined.  
2.6 Land-systems 
 
There are 82 different land-systems in the study area (Hennig, 2009; Payne et 
al., 1987). These were combined into four land types: alluvial/plains with 
eucalypts/claypans; hills/mesas; sandplains/coastal; and washplains/stony 
plains/calcrete (Figs 2.6 and 2.7). These types were chosen based on the land 
type description supplied by Hennig (2009) and Payne et al. (1987) (Appendix 
A). Alluvial/plains with eucalypts/claypans consists of ‘alluvial plains’, ‘plains 
with eucalypt woodlands’, ‘alluvial and sandy plains’ and ‘claypan’. 
Sandplains/coastal consists of ‘coastal plains’ and ‘sandplains’. Hills/mesas 
consist of ‘hills and ranges’, ‘low hills’ and ‘mesas’. Washplains/stony 
plains/calcrete consists of ‘calcrete plains’, ‘stony plains’ and ‘wash plains’. The 
percentage of areas of each land-system was determined for the total study 
area and of the area burnt in the study area, then amalgamated into the four 
land types. The percentage of each group for the total study area was 
calculated then the proportion of each group for the total burnt area. The 
correlation between total study area and total area burnt was calculated for 
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each land-system. 
 
Figure 2.6. Land-system groups in the northern study area. 
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Figure 2.7. Land-system groups in the southern study area. 
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2.7 Vegetation types and structural groups 
 
There are 141 different vegetation types in the study area (Beard, 1976). To 
evaluate the effect of vegetation on bushfires these were combined into seven 
broad groups (Figs 2.8 and 2.9): Acacia Shrubland, Acacia Woodland, 
Heathland, Mulga Woodland, Hummock Grassland, Succulent Shrubland, and 
Other (Appendix C). Groupings were based on the original association 
descriptions (Beard, 1976), National Vegetation Information System (NVIS) 
(Pre-European Vegetation – WA, 2012) level 1 classifications and location, and 
corresponds closely with the physiognomic vegetation types reclassified by the 
Department of Agriculture and Food, Western Australia (Beard et al., 2013). 
2.7.1 Vegetation type groups 
 
The Acacia Shrubland group consists of ‘shrub’ and ‘shrubland’ from the NVIS 
vegetation classification except where succulent shrubs are dominant or where 
coastal shrubland/heathland occurs. The vegetation is mostly open to mid-
dense shrublands (±2m) on red sandplains and dunes dominated by Acacia 
with some Callitris and mallee (both very sparse) located on the Toolonga 
Plateau and Yalbalgo Plain. This is the most widespread of the 7 broad 
vegetation types (53.7% of the entire study area). Dominant Acacia species 
include Acacia ramulosa and A. linophylla, referred to as bowgada by Beard, 
and A. sclerosperma (Beard et al., 2013). Mulga (Acacia aneura) is generally 
absent from this vegetation group, or may occur as a minor element. 
 
The Acacia Woodland group (11.4% of the total study area) consists of low open 
woodland with no mulga. The vegetation is low open woodland (>2m) of A. 
xiphophylla and A. victoriae on stony plains located mostly in the northern study 
area adjacent to Acacia Shrublands, and often with the same types of dominant 
species (Beard et al., 2013).  
 
The Heathland group (12.6% of the total study area) consists of ‘shrub’ with 
heath, tree-heath or coastal vegetation according to NVIS vegetation 
classification. It comprises heathland and low scrub (<2m) of proteaceous heath 
on sandplain, A. rostellifera on coastal dunes and some sparse mallee 
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shrublands located on the coastal plain north of Kalbarri. 
 
The Mulga Woodland group (0.6% of the total study area) consists of a ‘tree’ 
formation where mulga (Acacia aneura sensu lato) is dominant according to 
NVIS vegetation classification. It contains low mulga woodland (>2m) with other 
Acacia species situated mostly west of the Murchison River and along 
floodplains and creeklines, on wash plains, stony plains and red loams. Mulga 
Woodland is the dominant vegetation on red loamy soil (Beard, 1990) such as 
found in the very eastern edge of the study area and on the Yilgarn Craton, 
whereas the majority of the rest of the study area consists of sandy soils. 
 
The Hummock Grassland group (4.4% of the total study area) consists of a 
‘grass’ formation where hummock grass (Triodia spp; <1m) is included in the 
NVIS description with a sparse layer of trees and shrubs. It is found on 
sandplains and dunes in the northern study area with isolated areas in the 
southern study area. The two main areas of hummock grassland in the northern 
study area are on sand dunes on top of the Kennedy Range where mid-dense 
Triodia basedowii occurs with scattered shrubs of Grevillea, Hakea and 
Hibbertia, and on the coastal plain on the west side of Lake Macleod where T. 
basedowii is also dominant with very sparse Acacia shrubs (Beard et al., 2013). 
 
The Succulent Shrubland group (13.7% of the total study area) consists of 
‘samphire shrub’ and ‘chenopod shrub’ (<1m) as well as mosaics of dominant 
succulent shrubs in the NVIS description. The vegetation contains samphire 
shrubland dominated by Tecticornia species around salt lakes as well as 
Atriplex species and Maireana species on mudflats and low floodplains, 
sometimes mixed with islands of Acacia shrubs (Beard et al., 2013).  
 
The Other vegetation group (3.6% of the total study area) includes mangrove 
and other miscellaneous types such as bare areas (e.g., salt lake flats) and York 
gum woodlands. 
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2.7.2 Vegetation structural groups 
 
To evaluate the effect of vegetation structure, vegetation was grouped into 
seven broad structural groups (Figs 2.10 and 2.11). Groupings were based on 
the original association description (Beard, 1976) and NVIS (Pre-European 
Vegetation – WA, 2012) level 1 classification. The level 1 classification refers to 
dominant growth form of the dominant stratum (Executive Steering Committee 
for Australian Vegetation Information (ESCAVI), 2003). The classifications found 
in the study area were; ‘bare areas’, ‘chenopod shrub’, ‘hummock grass’ and 
‘hummock grasslands’ (combined to become ‘grass’), ‘mallee’, ‘samphire shrub’ 
and ‘samphire shrubs’ (combined to become ‘samphire shrub’),’ shrub’ and 
‘shrubland’ (combined to become ‘shrub’), and ‘tree’ which corresponds to tree 
dominated vegetation or woodland (Appendix B). 
 
The most recent fire event in a particular vegetation type was considered to be 
minimum time since last fire (TSF). Vegetation group and structural groups that 
did not burn during the study period were given a value of 40 years as the 
minimum time since last fire. The average of vegetation groups and structural 
group was calculated for TSF. 
 
Vegetation type and structural groups were checked for fires that occurred in 
the same distinct area more than once during the study period. The average 
between fires for each group that had reburnt vegetation was determined, and 
then the average time between fires for each vegetation group and structural 
group was calculated. 
 
The area (km2) and percentage of area burnt at least once and overall total area 
(km2) was determined for each vegetation type and structural group. To test if 
vegetation type influenced whether the fire continued to burn when 
encountering a new vegetation type, the distance that the leading edge of a fire 
travelled in a new vegetation type before extinguishing was documented for 
distances less than five kilometres; the range, count and average distance of 
spread into the new vegetation type were then calculated.   
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Figure 2.8. Vegetation groups in the northern study area. 
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Figure 2.9. Vegetation groups in the southern study area. 
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Figure 2.10. Vegetation structural groups in the northern study area. 
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Figure 2.11. Vegetation structural groups in the southern study area. 
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2.8 Land tenure 
 
Land tenure was categorised into three types based on grazing history by 
domestic livestock: never grazed (e.g. Unclassified Crown Land (UCL) and 
long-term conservation tenure), currently grazed (active pastoral lease) and 
destocked (previously pastoral but no longer grazed by domestic livestock) 
(Figs 2.12, 2.13). There was only one area for the entire study area that 
changed land tenure and had multiple bushfires — the area now known as 
Kennedy Range National Park (Fig. 2.12). The area changed from pastoral and 
mining leases to become a national park after being acquired by the 
Department of Parks and Wildlife in 1993 (Department of Environment and 
Conservation, 2008). The area now known as Kennedy Range National Park 
was compared with a corresponding vegetation structural group (both Triodia 
species grasslands) found to the west of Lake Macleod that had remained as 
leased tenure during the entire study period. This area also had multiple 
bushfires in the 1973 to 2012 study period. There were two pastoral leases in 
the southern study area that have been bought by the Department of Parks and 
Wildlife since 2000 — Nanga pastoral lease and a small part of Yaringa pastoral 
lease. The southern study area was not used in the analysis due to the 
complexity of land tenure and tenure changes making it difficult to establish 
grazing history (there is a combination of unclassified crown land, mining 
company owned pastoral leases (e.g. Coburn station owned by Gunson 
Minerals), DPaW-purchased leases (e.g. Nanga pastoral lease) and part leases 
(e.g. Yaringa pastoral lease), nature reserves (e.g. Zuytdorp Nature Reserve), 
national parks (e.g. Kalbarri National Park), pastoral leases with mixed history 
of grazing non-government organization-owned pastoral lease and land of 
uncertain tenure (van Etten, 2013). 
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Figure 2.12. Land tenure and hummock grassland region to the west of Lake 
Macleod used for analysis in the northern study area. 
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Figure 2.13. Land tenure in the southern study area. 
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 2.9 Climate 
 
Rainfall and temperature data was obtained from the Bureau of Meteorology 
(Appendix D). Data from up to four weather stations spread throughout each 
study area was utilised depending on what data was available for the year, and 
each year’s data was averaged for each study area. O’Donnell et al. (2011) 
found that large wildfire events were highly correlated with large rainfall volumes 
in the preceding year. Allen (2009) also found the two or three seasons 
following a large rainfall event were those with an increased possibility of 
wildfire. Correlation coefficients of cumulative years of antecedent rainfall and 
total area burnt were determined for fires starting from 1988 for the northern 
study area due to insufficient resolution resulting in possible incomplete fire scar 
data; as vegetation is sparser in the northern study area a greater resolution 
was needed to visualise bushfire scars. The analysis for the southern study 
area started from 1973. The northern and southern study areas were analysed 
separately due to differences in vegetation, climate and spatial patterns of fires. 
All correlation analyses were performed using SPSS v22. 
 
Weather stations in the study area do not have continuous temperature data for 
the entire study period. To compensate I used the mean difference from the 
mean annual average for each year, from the closest weather station to the 
study area that was available, to calculate temperatures in the years with 
missing data (Appendix D). The relatively low temperatures for the southern 
study area in the years 1985-1988 (Fig. 3.35) is because the closest available 
station to the study area for those years was Geraldton (approximately 130 km 
south-east of the study area). Correlation coefficients of the difference from the 
mean annual temperature and total area burnt were calculated separately for 
both the northern and southern study areas. As the annual burn data is skewed 
(due to many years with small or no fires, and a small number of years with very 
large fires) the data was log-transformed (base 10) so that it approximated a 
normal distribution. Using log-transformed burn data, I performed a multiple 
linear regression against all available climate data (as per Appendix D) using 
step-wise selection of variables with selection criteria set for p<0.05 for entry, 
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and p<0.10 for removal. The distribution of residuals of final models was then 
checked for normality. I performed generalised linear models with gamma 
distribution and with a log link function on the annual burn area data (not 
transformed). I started with a full model (all climatic variables) and then dropped 
variables with poorest fit (based on contribution to overall model fit) until I 
obtained a model with the lowest AICc (2nd order Akaike Information Criteria). 
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 3 Results 
 
3.1  Contemporary fire regime 
 
There were six years with no new bushfire scars detected and two years (1980 
and 1985) with no usable satellite imagery. The mean size of individual 
(disjunct) fire scars for the study period was 40.9 km2 with the median being 
3.95 km2. The two years that had no usable satellite imagery were not included 
in the yearly average calculations.  The fires ranged in size from less than 1 km2 
to greater than 4000 km2. Figure 3.1 shows the cumulative area burnt for 
bushfire scars grouped into five size categories. The greatest number of 
bushfire scars occurred in the 1-<10 km2 group with 120 bushfire scars, and 
least in the 1000+ km2 group with five. The average count of separate fire scars 
per year was 9.4 with a range of 0 - 45 y-1, and there were 300 in total across all 
years studied. The total area burnt (including areas that burnt more than once) 
during the study period was 15645.9 km2 out of a total study area of 65725.3 
km2, which represents 23.8% of the study area being burnt. The yearly average 
for area burnt in the southern study area was 0.59% of the total area or 169 km2 
y-1. The yearly average for the northern study area starting from 1988 was 
1.87% of the total area or 447 km2 y-1. Though the number of large bushfires is 
low, they disproportionately make up the greatest area burnt (Fig. 3.1). 
 
Figure 3.3 shows the total fire scar area and the number of separate fire scars 
for the years 1973-2012. There was a very large bushfire in the northern study 
area in 2012 which accounts for the increase in area burnt for that year (Fig. 
3.2). Some 8698 km2 burnt in 2012, 8.9 times greater than the next largest burn 
year (1978) in which 982 km2 burnt. In 1996 some 45 separate fire scars were 
recorded but only 151 km2 burnt that year. Pearson’s correlation was calculated 
to compare the number of bushfire scars and total area burnt in a year. There 
was a weak correlation (r=0.22; p=0.22) between scar numbers and total area 
burnt in a year.  
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Figure 3.1. Cumulative area burnt and number of fires for five bushfire scar size 
categories from 1973-2012. 
 
Figure 3.2. Northern study area showing the fire scars (pink area) of the 
extensive 2012 bushfire. 
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Figure 3.3. Total area burnt by bushfires and numbers of visible separate fire scars between 1973-2012 for total study area. 
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 3.1.1 Time since last fire 
 
The most recent fire event in each patch of a particular vegetation type was 
considered to be time since last fire (TSF) for that patch. Patches of vegetation 
types that did not burn during the study period were given a nominal value of 
+40 years as the minimum time since last fire. There were large bushfires in the 
northern study area in 2012 (the final year for the study), therefore many of the 
vegetation patches in that area have a value of 0 years for TSF. There is a  
possible range of 0-40+ years. Out of 141 vegetation types only 59 were 
determined to have burnt during the study period. Figures 3.4 and 3.5 shows 
the average time since last fire for vegetation types and vegetation structural 
groups repectively including unburnt vegetation types that were given a value of 
+40 years. Mulga Woodland (Fig. 3.4) did not burn in either the northern or 
southern study area and has a TSF of 40+, and the ‘Other’ vegetation group 
has the shortest TSF at 17.4 years. 
 
Figure 3.4. Average time since last fire in six vegetation groups for combined 
northern and southern study areas. 
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Figure 3.5. Average time since last fire in six vegetation structural groups for 
combined northern and southern study areas. 
 
3.1.2 Frequency of fires 
 
For the vegetation types that had recurring fires (NVIS vegetation types 17, 
36.3, 49.4, 95.1, 125, 162, 264.2, 301.1, 307.1, 325, 329.1, 364, 365, 368.1, 
380, 384.1, 401.1, 402.1 and 406.1, see Appendix B), the average time 
between fires was 17.2 years. Since the majority of the study area is semi-
desert and regrowth after a fire is slow (and only a 40 year span of records 
available) it was not expected to be able to build up a complete picture of the 
fire frequency for the entire region. However, calculating the fire interval where 
available helps in estimating minimum times for fire reoccurrence in certain 
vegetation types. Fire scar polygons were overlaid and overlapping regions 
were considered reburnt areas. For the vegetation types that burnt more than 
once the time between fires ranged from 10 – 29 years. It should be noted that 
some vegetation types will have longer periods between bushfire events and 
these may not have been burnt during the study period. Vegetation types that 
have burnt range from having discrete fire scars of between 2 to 45 instances of 
multiple burnings during the study period. Figures 3.6 and 3.7 show the average 
time between fires per vegetation group for known vegetation types and 
vegetation structural groups. 
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Figure 3.6. Average years between fires for six vegetation type groups for 
combined northern and southern study areas for areas that burnt more than 
once. Since mulga woodlands did not burn during the study period it was not 
included in the graph. 
 
Figure 3.7. Average years between fires for six vegetation structural groups for 
combined northern and southern study areas for areas that burnt more than 
once. 
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seen from the shape of the fire scars in the two areas (Figs 3.8 and 3.9). 
 
Up until 2012, the fires in the northern study area were mainly concentrated in a 
strip running between the north western edge of the coast and Lake Macleod 
and close to the north-eastern edge of the study area throughout what is now 
known as Kennedy Range National Park. In 2012 extensive fires swept through 
the centre of the area (Fig. 3.8) which represented the first time most of this 
area was burnt during the study period. The fires in the southern study area 
were concentrated in the south-west with only one area in the north burnt during 
the extensive bushfires of 2012 (Fig. 3.9). The areas that showed no evidence 
of fire scars were in vegetation that was very sparse, possibly too sparse to 
show evidence of fire activity in satellite imagery. 
 
Figure 3.8. Fire scars in the northern study area for the study period (1973-2012). 
. Carnarvon 
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Figure 3.9. Fire scars in the southern study area for the study period (1973-2012). 
 
  
Shark 
Bay 
. Kalbarri 
56 
 
3.3 Effects of land-systems on fire regime 
 
Figures 3.10 and 3.11 show the area and percentages of all the land-systems 
that burnt during the study period. Land-systems in the southern study area 
ranged from having less than 1% burnt (several land-systems) to the Eurardy 
Land System which had 63% burnt at least once. The area burnt at least once 
ranged from less than 1 km2 (several land-systems) to 2551 km2 in the Nanga 
Land System. The northern study area had areas burnt at least once during the 
study period ranging from less than 1 km2 to 4735 km2 (in the Yalbalgo Land 
System). 
 
Some areas burnt more than once during the study period making it possible for 
more than 100% of a landform to have burnt in terms of total area burnt, 
however the Ella Land System in the northern study area had the largest area 
burnt with 83% of the land-system burnt at least once (Fig. 3.11). 
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Figure 3.10. Area and percentage of all land-systems that burnt in the southern study area from 1973-2012. 
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Figure 3.11. Area and percentage of all land-systems that burnt in the northern study area from 1973-2012. 
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The majority of the fires burnt on sandplains/coastal land types, with 
approximately 84% of fires burning sandplains/coastal land (by area) and 15% 
burning alluvial/plains with eucalypts/claypans. Although sandplains/coastal 
land type covers 64% of the study area, 84% of the area that burnt was on 
sandplains/coastal land type area. A total of 19% of the study area consists of 
eucalypts/claypans land type and 15% of the area that burnt was on 
eucalypt/claypans land types (Fig. 3.12). For land types, the correlation 
between land area and area burnt was very high in the northern study area 
(r=0.88; <p=0.0001) suggesting land burnt in proportion to its availability in the 
study area. The southern study area had a much lower correlation between land 
area and area burnt (r=0,41; p=0.96) suggesting that land may not burn in 
proportion to its availability in the study area. When divided into northern and 
southern study areas, no land-system group in the southern study area burnt 
more than 16.6% of the study area (sandplains/coastal land-systems, see Fig. 
3.13), whereas the same land-system group burnt 57% in the northern study 
area (Fig. 3.14). In the southern study area alluvial/plains with 
eucalypts/claypans land-systems group burnt the least with only 2.3% burnt. In 
the northern study area the least burnt land-systems group was hills/mesas with 
1% burnt. 
 
  
Figure 3.12. Percentage of land-system types of total study area and burnt area. 
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Figure 3.13. Area of land-system group and the area of each group (with 
percentage of land-system group burnt at least once) during the study period in 
the southern study area. See Figure 3.12 for axis categories. 
 
 
 
Figure 3.14. Area of land-system group and the area of each group (with 
percentage of land-system group burnt at least once) during the study period in 
the northern study area. See Figure 3.12 for axis categories. 
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 3.4 Effects of vegetation type on fire regime 
 
A total of 60 out of the 144 vegetation types in the study area burnt during the 
study period; the greatest percentage burnt of a single vegetation type was 
NVIS 3432.1 (a mosaic of Acacia woodlands and shrublands) with 85% 
(W/Acs/Acv/Acss, Fig. 3.15). There were many vegetation types that did not 
burn during the study period, such as NVIS type 349 (Acacia shrub vegetation) 
in the northern study area with a total coverage in the study area of 849.26 km2 
and NVIS type 2081.9 (Acacia shrub vegetation) in the southern study area with 
an area of 6922.45 km2. Figures 3.15 and 3.16 show the percentage for all 
vegetation types that burnt during the study period. Correlation coefficients were 
determined for the southern and northern study areas separately for the 
relationship between the total area present and the percentage burnt for each 
vegetation type. In the southern study area the area that burnt in a vegetation 
type was not correlated (r=-0.03) with the area of that vegetation type present 
(Fig. 3.15). For example, Ba/Gr/Ac/Me burnt 1037.7 km2 which is only 31.6% of 
the total area, whereas Ma/Ac burnt 26.1 km2 which is 66% of the total area. In 
the northern study area (Fig. 3.16) there was a low to modest correlation 
(r=+0.34) between the total area of vegetation and the percentage burnt during 
the study period; for example 85% of W/Acs/Acv/Acss burnt from an area of 
1642.8 km2, whereas only 2.9% burnt of Ba/P from a total area of 11.8 km2.  
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Figure 3.15. Southern study area; vegetation types of area burnt and total area. Definitions of vegetation types from Department 
of Agriculture and Food, WA (2012). 
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 Vegetation type 
Ac T Shrublands; Acacia rostellifera thicket. 
Ac/Ca Shrublands; thicket, acacia-casuarina alliance. Allocasuarina mixed shrubland. 
Ac/Ca/A Shrublands; thicket, acacia-casuarina alliance. Acacia shrubland. 
MH Shrublands; mixed heath. 
Ac/B Shrublands; Acacia sclerosperma & bowgada scrub. 
Ac/B/Gr Mosaic: Shrublands; Acacia sclerosperma & bowgada scrub / Shrublands; 
bowgada & grevillea scrub. 
Ba/Gr/Ac Mosaic: Shrublands tree-heath between sandhills; Banksia ashbyi, Grevillea 
gordoniana, Acacia spp., Melaleuca and mallee / Shrublands; scrub-heath. 
Ac/B/Acv Shrublands; Acacia sclerosperma, bowgada & A. victoriae scrub. 
B/E/C Shrublands; bowgada scrub with scattered eucalypts & cypress pine. 
B/J/Y Shrublands; bowgada & jam scrub with scattered York gum & red mallee. 
Ba/Gr/Ac/Me Shrublands tree-heath between sandhills; Banksia ashbyi, Grevillea gordoniana, 
Acacia spp., Melaleuca and mallee. 
SH/Ma Shrublands; scrub-heath on sandplain. Open mallee shrubland. 
SH/H Shrublands; scrub-heath on sandplain. Heath. 
Ac SH Shrublands; Acacia rostellifera scrub-heath. 
Ma/Ac Shrublands; mallee & acacia thicket on coastal dunes (central west). 
Me T Shrublands; Melaleuca cardiophylla thicket. 
SH/Ac Mosaic: Shrublands; scrub-heath on coastal association on yellow sandplain / 
Shrublands; acacia patchy scrub. 
H Shrublands; heath on coastal limestone. 
Ac/Ca/E Shrublands; acacia, casuarina, Eucalyptus eudesmioides, Banksia ashbyi & 
other mixed species thicket. 
Al/J Low woodland over scrub; Allocasuarina heugeliana over jam scrub. 
SH/S Shrublands; scrub-heath on coastal association, yellow sandplain. 
B/S Shrublands; bowgada and associated spp. Scrub. 
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Figure 3.16. Northern study area; vegetation types of area burnt and total area. Definitions of vegetation types from Department 
of Agriculture and Food, WA (2012). 
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 Vegetation type 
HG/Ac/Gr/T Hummock grasslands, shrub steppe; acacia & grevillea over Triodia 
basedowii. 
B/SL Bare areas; salt lakes. 
B/R Bare areas; rock outcrops. 
HG/K/T Hummock grasslands, shrub steppe; kanji over Triodia basedowii. 
Sn/Ac Shrublands; snakewood & Acacia victoriae scrub. 
Sn Shrublands; snakewood scrub. 
Ac/Acv/OS Shrublands; Acacia sclerosperma & A. victoriae open scrub. 
Acs/B/SS Shrublands; Acacia sclerosperma & bowgada scrub. Acacia sparse 
shrubland. 
Acs/B/M Shrublands; Acacia sclerosperma & bowgada scrub. Acacia mixed sparse 
shrubland. 
Ac/Acv/S Shrublands; Acacia sclerosperma & A. victoriae scrub. 
Ac/S Low woodland; Acacia victoriae & snakewood. 
SS/Ac Succulent steppe with open scrub; scattered Acacia sclerosperma & A. 
victoriae over saltbush & bluebush. 
Ac/B/Acv Shrublands; Acacia sclerosperma, bowgada & A. victoriae scrub. 
Ac/B/Sn Mosaic: Shrublands; Acacia sclerosperma & bowgada scrub / Shrublands; 
snakewood & Acacia victoriae scrub. 
T/Ac Hummock grassland; shrub steppe; mixed scrub, hard spinifex (Triodia 
basedowii) with dwarf shrubs. Acacia sparse shrubland / Triodia open 
hummock grassland. 
T/O Hummock grassland; shrub steppe; mixed scrub, hard spinifex (Triodia 
basedowii) with dwarf shrubs. Triodia open hummock grassland. 
SS/Bl/Sn Sparse succulent steppe; bluebush with very sparse snakewood shrubs. 
Acv/Sn Sparse low woodland; Acacia victoriae & snakewood in scattered groups. 
LW/B/Acs Low woodland; bowgada & Acacia subtressarogona. Acacia woodland. 
LW/B/Acs/S Low woodland; bowgada & Acacia subtressarogona. Acacia woodland / 
Senna mixed sparse shrubland / Trichodesma mixed sparse forbland. 
Acs/Sa/Bl Mosaic: Shrublands; Acacia sclerosperma sparse scrub / Succulent steppe; 
saltbush & bluebush. 
B/Acv Shrublands; bowgada & Acacia victoriae scrub. 
Ac/B/Sb/Bl Mosaic: Shrublands; Acacia sclerosperma & bowgada scrub / Succulent 
steppe; saltbush & bluebush. 
Sb/Sm Succulent steppe; saltbush & samphire. 
W/Acs Succulent steppe with scrub; waterwood & Acacia sclerosperma over 
saltbush & samphire. 
W/R Shrublands; dwarf waterwood (Acacia coriacea) shrubs on recent dunes. 
W/Acs/B Mosaic: Low woodland; waterwood / Shrublands; Acacia sclerosperma & 
bowgada scrub. 
B/Acs Mosaic: Shrublands; bowgada scrub and associated spp / Shrublands; 
Acacia sclerosperma, bowgada & A. victoriae scrub. 
Acs/Acv/Sn/S Mosaic: Shrublands; Acacia sclerosperma, A. victoriae & snakewood scrub / 
Shrublands; patches of low mixed scrub. 
Acv/Acv/Sn/Bl Mosaic: Shrublands; Acacia sclerosperma, A. victoriae & snakewood scrub 
patches / Succulent steppe; bluebush. 
Acs/Sn Shrublands; Acacia sclerosperma & snakewood scrub (also with some 
waterwood). 
SS/Sm Succulent steppe; samphire. 
Ba/P Bare areas; claypans. Ptilotus mixed open heath. 
Ba/A Bare areas; claypans. Atriplex mixed sparse chenopod shrubland. 
B/S Shrublands; bowgada and associated spp. scrub. 
Acq/J Shrublands; Acacia quadrimarginea & jam scrub on greenstone. 
W/Acs/Acv/Acss Mosaic: Low woodland; waterwood / Shrublands; Acacia sclerosperma, A. 
victoriae & A. subtressarogona scrub. 
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Vegetation groups in the southern study area showed detectable bushfire scars 
only within Acacia Shrubland, Acacia Woodland and Heathland (Fig. 3.17). 
Heathland had the greatest percentage of the area burnt at least once in the 
southern study area with 54%, and 34% of Acacia Woodland and 2% of Acacia 
Shrubland burning at least once. The northern study area had detectable 
bushfire scars only within Acacia Shrubland, Acacia Woodland, Hummock 
Grassland, Succulent Shrubland and Other (Fig. 3.18). Although Acacia 
Shrubland and Woodland had greater areas burnt in the northern study area 
(4466.9 km2 and 3378.7 km2 respectively), Hummock Grassland had the 
greatest percentage burnt at least once at 68% with 1669.5 km2 burnt. Mulga 
Woodland had no fire scars in either study area, and there was no Heathland in 
the northern study area. 
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Figure 3.17. Vegetation type group extent (km2) in study area with total burnt area 
(% of each type) in the southern study area. 
67 
 
 
Figure 3.18. Vegetation type group extent (km2) in study area with total burnt area 
(% of each type) in the northern study area. 
 
In the southern study area the majority of bushfires occurred in Heathland (Fig. 
3.19 and Table 3.1). The 2012 fires were exceptional in that only Acacia 
Shrubland burnt in the study area (Fig. 3.20) with this being the only fire to 
occur in that vegetation group in the southern study area during the study 
period. The northern study area had a greater range of vegetation groups burn 
across the years. The largest area burnt was Acacia Shrubland (4466.9 km2) 
followed by Acacia Woodland (3378.7 km2) (Fig. 3.21 and Table 3.2). The 
majority of the Acacia Shrubland and Woodland areas burnt occurred in the 
extensive 2012 bushfire which is very different to the Hummock Grassland fires 
that occurred in other years and which were very limited in extent (47 km2) in 
the 2012 fire (Fig. 3.22). 
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Figure 3.19. Total percentage of southern study area vegetation type groups burnt per year. 
 
Table 3.1. Total area burnt (km2) per year in the southern study area. 
 
Year Total area burnt (km2) Year Total area burnt (km2) Year Total area burnt (km2) Year Total area burnt (km2) Year Total area burnt (km2) 
1973 427.9 1974 27.8 1975 17.8 1976 563.1 1977 762.2 
1978 625.7 1979 4.7 1980  1981 858.9 1982 31.9 
1983 94.9 1984 0 1985  1986 0 1987 214.3 
1988 51.2 1989 41.6 1990 7.8 1991 43.6 1992 214.3 
1993 0 1994 43.1 1995 51.0 1996 58.2 1997 13.8 
1998 52.7 1999 0 2000 66.8 2001 3.2 2002 1.9 
2003 0 2004 133.8 2005 0 2006 27.4 2007 40.9 
2008 0 2009 0 2010 257.4 2011 121.6 2012 43.2 
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Figure 3.20. Bushfire scars in black on vegetation type groups in the southern 
study area from 1973-2012. 
Shark 
Bay 
. Kalbarri 
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Figure 3.21. Total percentage of northern study area vegetation type groups burnt per year. 
 
Table 3.2. Total area burnt (km2) per year in the northern study area. 
 
Year Total area burnt (km2) Year Total area burnt (km2) Year Total area burnt (km2) Year Total area burnt (km2) 
1973 58.2 1995 18.4 2001 83.3 2010 360.0 
1978 355.9 1996 91.4 2004 345.7 2012 8651.1 
1988 186.0 1997 15.6 2005 17.2   
1991 8.0 1998 221.4 2006 44.9   
1993 11.7 2000 262.3 2007 7.8   
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
19
73
19
74
19
75
19
76
19
77
19
78
19
79
19
80
19
81
19
82
19
83
19
84
19
85
19
86
19
87
19
88
19
89
19
90
19
91
19
92
19
93
19
94
19
95
19
96
19
97
19
98
19
99
20
00
20
01
20
02
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
20
11
20
12
Hummock Grassland
Acacia Shrubland
Acacia Woodland
Other
Succulent Shrubland
Mulga Woodland
Heathland
71 
 
  
 
Figure 3.22. Bushfire scars in black on vegetation type groups in the northern 
study area from 1973-2012. 
. Carnarvon 
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A number of fires stopped shortly after burning into an adjacent vegetation type 
according to the Pre-European Vegetation (2012) data layer (Figs 3.23 & 3.24). 
The average distances fires burned into adjacent vegetation types ranged from 
0.08 km to 3.18 km (Fig. 3.24). The greatest number of fires stopped in the ‘Sn’ 
(shrublands of snakewood  (Acacia xiphophylla)) vegetation type, which had 
four fires stop burning shortly after burning into it at an average of 0.23 km (Figs 
3.24 & 3.25). Sn and Ac (shrublands; snakewood and Acacia victoriae) and B 
and G (shrublands; bowgada and grevillea) had fires stopping the shortest 
distance after entering them with average stopping distances of 0.08 km and 
0.09 km respectively (Note that data are limited with Sn and Ac from only two 
fires and B and G from one). 
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Figure 3.23. Fire scars in the northern study area showing Acacia xiphophylla in 
pink and other vegetation types in yellow after bushfires burned through the area 
during 2012. 
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Figure 3.24. Average distance bushfires burned into from adjacent vegetation 
types before stopping (see Table 3.3). 
 
Figure 3.25. Number of fires stopped after entering a different vegetation type 
(see Table 3.3). 
Table 3.3. Description of vegetation codes. Definitions from Department of 
Agriculture and Food, WA (2012). 
Vegetation 
code 
Vegetation type 
SL Salt lake margins/ bare areas 
Sn & Ac Shrublands; snakewood & Acacia victoriae scrub 
Sn Shrublands; snakewood  scrub 
B & G Shrublands; bowgada & grevillea scrub 
Ac & Sn Low woodland; Acacia victoriae & snakewood 
B & E Shrublands; bowgada scrub with scattered eucalypts & cypress pine 
B & J Shrublands; bowgada & jam scrub with scattered York gum & red mallee 
B & G & A Shrublands tree-heath between sandhills; Banksia ashbyi, Grevillea 
gordoniana, Acacia spp., Melaleuca and mallee 
Sh Shrublands; scrub-heath on sandplain 
Ac & E Shrublands; acacia, casuarina, Eucalyptus eudesmioides, Banksia ashbyi & 
other mixed species thicket 
B & S Shrublands; bowgada and associated spp. scrub 
Ac & J Shrublands; Acacia quadrimarginea & jam scrub on greenstone 
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 3.5 Effects of vegetation structure on fire regime 
 
In the southern study area the majority of fires were only in two structural types; 
shrub (4894.9 km2) and a small amount within mallee (7.8 km2) (Fig. 3.26).  The 
mallee vegetation burnt in years 1973, 1981, 1991, and 1995. The northern 
study area had a greater range of burnt vegetation structural types: 6551.9 km2 
in ‘tree’; 2322.3 km2 in ‘shrub’; 1669.1 km2 in ‘grass’; 181.1 km2 in ‘chenopod 
shrub’; and 4 km2 in ‘samphire shrub’ groups (Fig. 3.27). The majority of the 
shrub burnt in the northern study area occurred during the extensive 2012 
bushfires (2205.3 km2). The years 1997 and 2005-2007 only the tree structural 
group burnt in the northern study area while in 1993 only the grass structural 
group burnt. In other years multiple structural groups burnt. 
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Figure 3.26. Total burnt area of southern study area vegetation structural groups (1973-2012). 
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Figure 3.27. Total burnt area of northern study area vegetation structural groups (1973-2012). 
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 In the southern study area only shrub and mallee vegetation structural groups 
burnt, with 310 fires in shrub vegetation and 5 in mallee (Fig. 3.28). The 
northern study area burnt across all vegetation structural groups that were 
present (there was no mallee structural group for the northern study area). This 
consisted of 76 fires in shrub, 58 in grass, 81 in tree, 3 in samphire shrub, 14 in 
chenopod shrub and 3 in bare areas (Fig. 3.29). Figure 3.30 shows where the 
vegetation structural group ‘bare area’ burnt (shaded in black) which 
corresponds to a thin strip along the edge of other vegetation structural groups 
on the Gascoyne River. 
 
 
Figure 3.28. Total vegetation structural group areas (km2) of each group burnt 
(km2) and number of fires in each grouping in the southern study area. 
 
Figure 3.29. Total vegetation structural group areas (km2) of each group burnt 
(km2) and number of fires in each grouping in the northern study area.  
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Figure 3.30. Selected burnt areas in study period 1973-2012 colour coded by 
vegetation structural group highlighting the ‘bare’ structural group in black. 
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The northern study area had the most bushfires restricted to grass and tree 
structural groups (Fig. 3.31). Some fires spread into shrub and chenopod shrub 
groups. Almost all the fires in the southern study area were located in shrub 
structural groups with a very small area burnt (7.8 km2) in mallee (Fig. 3.32). 
 
 
Figure 3.31. Northern study area — total fire scars mapped onto the vegetation 
structural groups identified in this study. 
. Carnarvon 
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Figure 3.32. Southern study area — total fire scars mapped onto the vegetation 
structural groups identified in this study. 
 
3.6 Relationship between land use and fire regime 
 
There was only one area that changed land use and had fires over multiple 
years, the now Kennedy Range National Park (Fig. 2.14). Until 1993 the area 
was pastoral (firstly holding sheep then cattle) and mining leases when it was 
acquired by the Department of Parks and Wildlife (Department of Environment 
and Conservation, 2008). According to the Department of Environment and 
Conservation (2008) rabbits and camels pose minimal threat as grazing 
species, whereas goats are a significant problem and they were actively 
managed between 1991 – 2000 in Kennedy Range National Park. During 1992-
93 the goat density of Kennedy Range National Park was estimated to be one 
goat per 1.6 km2 giving an estimate of 2200 for the area (Parkes et al., 1996). A 
Department of Agriculture survey conducted in 2000 found there to be 
approximately 850 goats in Kennedy Range National Park (a reduction of 
around 60%) with goat numbers estimated to have increased since then 
(Department of Environment and Conservation, 2008). The Kennedy Range 
Shark 
Bay 
. 
Kalbarri 
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National Park was compared with an area of comparable structural vegetation 
to the west of Lake Macleod. 
 
Figure 3.33 shows the total area burnt per year in the area now known as 
Kennedy Range National Park and a comparable area of Triodia grasslands to 
the west of Lake Macleod that has been leasehold land since pre-1955; the 
horizontal, red line indicates when goats were actively managed in the area. 
There seems to be an increase in burn area when goat numbers decreased 
which then dropped off again after the cessation of active goat control. Overall 
the area west of Lake Macleod showed an average of 20.9 km2 y-1 burnt, and 
Kennedy Range National Park showed an average of 29.1 km2 y-1. Before 
active goat management at Kennedy Range National Park there were 3 
bushfires west of Lake Macleod and 1 at Kennedy Range, in 1988 there was a 
fire at both sites with comparable sizes (Kennedy Range – 68.4 km2; Lake 
Macleod – 88.6 km2). During the period of active goat management (1991-
2000) the bushfires in the Kennedy Range gradually increased in size with the 
smallest in 1993 (2.5 km2) to the largest which occurred 4 years after the 
cessation of active goat management in 2004 (284.4 km2). After 2004 there was 
an absense of bushfires at Kennedy Range with the next occurring in 2010 
(15.6 km2), considerably smaller than two previous bushfires in 2004 
(mentioned previously) and 2000 (173.4 km2). The latest bushfire next to Lake 
Macleod occurred in 2010 (329.8 km2), similar in size to one that occurred in 
1978 (355.9 km2). 
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Figure 3.33. Burn area per year in Kennedy Range National Park and to the west of Lake Macleod. Horizontal red line indicates 
period of active management of goat population. 
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 3.7 Relationship between climate and fire regime 
 
The yearly rainfall for the southern and northern study areas was derived from 
the average of numerous long-term weather stations in the two respective areas 
(Appendix D). From 1973 to 2012 the southern study area had an average 
regional yearly rainfall between 136-456mm, with an overall regional average of 
292mm. There was no significant correlation between annual rainfall and 
bushfires area in the southern area; the highest r-value was -0.17 after zero and 
one years antecedent rainfall (Fig. 3.34 and Table 3.4). For the same period the 
northern study area had an average regional yearly rainfall between 87-484mm, 
with an average of 237mm. There is a greater variability in regional yearly 
rainfall and total area burnt in the northern study area than the southern.  There 
is also a modest correlation between area burnt and four years antecedent 
rainfall, with an r-value of 0.46 (Fig. 3.34 and Table 3.4). 
 
The correlation coefficient was determined each year up to four years 
previously for rainfall and area burnt. The correlation coefficient was calculated 
from 1988 for the northern study area and 1973 for the southern study area due 
to previously explained limitations of the satellite data. 
 
Table 3.4. Correlation coefficients of rainfall and total area burnt for northern and 
southern study areas. Note 0 year refers to rainfall received in same year as fires 
detected. 
 Northern study area Southern study area 
Cumulative years of rainfall r-value p-value r-value p-value 
0 -0.01 0.9 -0.17 0.4 
1 0.40 0.1 -0.17 0.4 
2 0.42 0.1 -0.06 0.7 
3 0.26 0.3 0.12 0.6 
4 0.47 0.1 0 0.9 
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Figure 3.34. Average regional annual rainfall, average rainfall and total area burnt in the southern and northern study areas.
0
100
200
300
400
500
600
1
10
100
1000
10000
19
73
19
74
19
75
19
76
19
77
19
78
19
79
19
80
19
81
19
82
19
83
19
84
19
85
19
86
19
87
19
88
19
89
19
90
19
91
19
92
19
93
19
94
19
95
19
96
19
97
19
98
19
99
20
00
20
01
20
02
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
20
11
20
12
Re
gi
on
al
 a
ve
ra
ge
 a
nn
ua
l r
ai
nf
al
l (
m
m
) 
To
ta
l a
re
a 
bu
rn
t (
km
2 )
 
Year 
Southern
area burnt
Northern
area burnt
Southern
area
rainfall
Northern
area
rainfall
86 
 
The southern study area had mean maximum monthly temperatures ranging 
from 25-30°C with an average of 28.5°C (Fig. 3.35). There was no correlation 
between temperature and bushfire activity in the southern area; the greatest r-
value being 0.12 (Table 3.5). The northern study area had mean maximum 
monthly temperatures ranging from 26-31°C with an average of 29°C (Fig. 
3.35).  There is a strong positive relationship in the northern area between 
temperature and bushfire activity; the greatest r-value (0.69) was after three 
years of cumulative temperature data (Table 3.5). The northern study area 
showed a greater correlation between the difference from the mean annual 
temperature and total burn area than the southern study area (Table 3.5). 
Table 3.5. Correlation coefficients of difference from the mean annual 
temperature and total area burnt for northern and southern study areas. 
 Northern study area Southern study area 
 Cumulative years of temperature r-value p-value r- value p-value 
0 0.67 0.003 0.06 0.8 
1 0.54 0.03 0.08 0.7 
2 0.67 0.003 0.03 0.9 
3 0.69 0.002 0.03 0.9 
4 0.66 0.004 0.12 0.5 
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Figure 3.35. Mean maximum monthly temperature and total area burnt in the southern and northern study area
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 The combined rainfall in year of fire and two years previously (positive 
relationship) is the most important variable explaining annual burn in the 
northern study area (degree of fit: r2=0.18)). Although the model fit is modest 
(i.e., approximately 18% of variability in annual burn area is explained by the 
model) it shows that generally more land is burnt when there has been more 
rain in the previous three years (including the year of the fire). Standardised 
residuals were approximated a normal distribution and there were no obvious 
outliers. The GLM with lowest AICc was one with the following two variables: 
rain in the previous two years to year of fire (positive relationship) and rain in 
previous three years to fire (negative relationship). 
 
Table 3.6. Multiple Linear Regression results for relationship of annual (log-
transformed) burn area with climatic variables for northern study area.  
 
Variables 
Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
 (Constant) -1.598 1.070  -1.493 .149 
Rain (+2 yr) .003 .001 .423 2.242 .035 
Note: Dependent Variable is: Log Burn Area. These are the only models 
with ΔAICc of <2. 
 
The Multiple Linear Regression results for the southern study area show that 
number of days in the year of fire over 35°C (positive relationship) and rainfall in 
the year of the fire (negative relationship) are the most important variables 
explaining annual burn area (degree of fit: r2=0.20). Although the fit is modest 
(i.e., approximately 20% of variability in annual burn is explained by the model) 
it shows that generally more land is burnt in hotter and drier years. 
Standardised residuals were normally distributed with no outliers. The GLM with 
lowest AICc was one with the following three variables; number of days in the 
year of fire over 35°C (positive relationship), rain in year of fire (negative 
relationship), and rain in three years prior to fire (positive relationship). 
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Table 3.7. Multiple Linear Regression results for relationship of annual (log-
transformed) burn area with climatic variables for southern study area. 
 
Variables 
Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
  Intercept .261 1.036  .251 .803 
Days over 35°C 
Geraldton 
Airport 
.059 .022 .400 2.666 .011 
Rainfall Year 0 -.005 .003 -.291 -1.944 .060 
Note:  Dependent Variable is Log Burn Area. . These are the only models 
with ΔAICc of <2. 
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 4 Discussion 
 
The main aim of this project was to reconstruct bushfire regimes/history of a 
poorly studied arid to semi-arid region of Western Australia for the last 40 years. 
This was done by studying temporal and spatial fire scar patterns, including fire 
intervals and frequencies, and the influence that landforms and vegetation, 
changes in land use, and climate have had on the fire regime. The time period 
for this study is too short to describe the complete fire regime for all vegetation 
types in the study area; however this analysis provides the best information 
available for this vast but understudied region. 
 
The data in this study used remotely-sensed imagery which has limitations. The 
first Landsat satellite was launched on the 23rd July, 1972 (U.S. Geological 
Survey, 2013). There is earlier aerial photography that was not used for this 
study, going back to 1943 for some areas due to budgetary constraints 
(Geoscience Australia, n.d.a). Satellite imagery prior to 1988 has lower 
resolution (60m compared to 30m) and consequently fewer small bushfire scars 
were detectable, however I am confident that all large fires over 1 ha were 
visible during this period. Not all areas burnt during the study period so I was 
unable to determine some aspects of the fire regime, such as time since last fire 
for all areas.  In earlier imagery it was easy to see fire scars on more densely 
vegetated ground such as hummock grasslands which grow along the coast in 
the northern part of the study area. This was particularly evident on vegetation 
type 95.1 which is a hummock grassland. Out of a total 886.71 km2 of this 
vegetation type 71 percent burnt during the study period in two fires. This 
contrasts to vegetation type 308.1 which is a type of Acacia shrubland where 
out of 4458.29km2, only 20% was estimated to have burnt during the study 
period, which may or may not be a result of small bushfires missed during the 
earlier years due to lower resolution of the satellite imagery. 
 
There is a great deal of bushfire research in Australia. Yet, little is known about 
bushfire regimes of Acacia-dominated vegetation in arid and semi-arid zones. 
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The study by Turner et al. (2008) of fire in dry climate zones of Australia 
included in the study area, but the study was limited to a seven year period and 
it did not investigate the influence of vegetation type and structure. Their study 
focused on climatic factors and because of the short duration included very few, 
if any, bushfires were reported for the study area in this study. The results of the 
Turner et al. (2008) study were also presented as averages across Australia for 
particular climate zones and do not detail vegetation types and fuel loads. 
 
The study shows that bushfires are typical in terms of size distribution (with 
many more small fires, but larger fires contribute greater to total area burned) 
and frequency (between 10 to 40+ years) on a global scale in environments 
with comparable climates (Brooks and Matchett, 2006; Curt et al, 2013; Kraaij 
and van Wilgen, 2014). The direction of burn followed the prevailing winds in 
the majority of cases (76%), with only more open shrublands and woodland 
(both which grew over grassy understorey) in the northern study area not 
showing distinctive burn direction. This could be because grasses in the ground 
strata burn less intensely relative to fires burning through dense shrub canopies 
and so have less effect on the sparse tree or shrub layers typical of some of 
these areas. Grasses may also recover very quickly so the fire scar would not 
be evident much beyond the first growing season and thus the evidence for the 
direction of the fire front is lost or obscured. 
 
The areas of fire scars found in the study region (less than 1 km2 to greater than 
4000 km2, with a mean of 40.9 km2) showed a similar size distribution to those 
found by Allan (2009) and Nano and Clarke (2010) in the Tanami Desert. They 
found that the area burnt is nearly inversely proportional to the number of 
bushfires, although they both found a greater percentage of fires less than 1 
km2 than found in this study. Both these studies included an element of field 
work which allowed for the smaller bushfires to be detected. The fires were also 
found to be similar in size to those recorded by O’Donnell et al. (2014), who 
studied a semi-arid region in the south of Western Australia near Lake 
Johnston. In their study, bushfires ranged in size from 1.8 to 1519 km2. 
 
 The study area showed bushfires of much greater size than those found in 
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similar climatic zones, but more densely populated areas of, south-west United 
States of America and South Africa (Brooks and Minnich, 2006; Kraaij and van 
Wilgen, 2014). It is possible that a greater number of smaller fires occur in the 
more fragmented landscapes of California and South Africa which would 
decrease the calculated mean size of bushfires. The higher human population 
densities of these two regions and the consequent increased risk to life and 
property could also result in more intense fire suppression efforts which would 
minimise the number of very large fires, whilst increasing the number of overall 
fires due to human activity (both planned and unplanned fire). According to 
Balch et al. (2013) the mean fire size in arid western USA, in cheatgrass 
grassland is 4.69 km2, 4.65 km2 in sagebrush steppe and 3.52 km2 in desert 
shrub. All of these values are smaller than the mean fire size found for the area 
of this study which had a mean of 93.4 km2, but was much closer to the median 
of 3.95 km2. Brooks and Minnich (2006) found bushfire sizes ranged from 
means of 0.22 km2 to 0.76 km2 in Californian deserts and semi-deserts. One 
exception was an abnormally large bushfire during 2005 that burnt more area 
(4000 km2) than the previous 25 years combined in the Mojave Desert. It 
occurred after high rainfall volumes recorded in late 2004 and early 2005 
(Wallace and Thomas, 2008). This extensive bushfire event is similar to the 
bushfire of 2012 that occurred east of Carnarvon which came after two years of 
above average rainfall with flooding starting on the 16th of December 2010 and 
2011 recording over double the long-term average for the area (Bureau of 
Meteorology, n.d.). According to Kraaij et al. (2013) bushfires in eastern coastal 
fynbos range from less than 0.01 km2 to 419 km2, with more than 70% being 
very small and only accounting for less than 1% of the total area burnt. 
 
Turner’s et al. (2008) Australia-wide study of fires and confirmed hotspots larger 
than 1 km2 found that approximately 13% of the climatic region that included the 
southern study area burnt at least once in their six year study period (1998-
2004) while only 1% of the climatic region that included the northern study area 
burnt. This is different to the findings of this study where 3.5% of the southern 
area and 11.2% of the northern area burnt over an average six years period. 
This discrepancy could be explained by the southern study area having above 
average rainfall during the period from 1996-2000 which could have contributed 
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to increased fuel loads. The northern study area had an extensive bushfire in 
2012 that was not included in the Turner et al. (2008) study and exceptional 
fires such as this can significantly affect the calculations of average annual 
areas burnt. Brooks and Minnich (2006) found that in Californian semi-desert 
and desert regions only a very small amount of total cover burnt on average per 
year (highest average of 0.3% yr-1). In contrast, Pricope and Binford (2012) 
found that the annual percentages burnt in savannas woodlands of three 
national parks in Namibia and Botswana were between 2-59%. The areas burnt 
on an annual basis in the area of this study fall between these two ranges on 
the global scale despite the very low rainfall and fuel loads of the study area. 
 
Allan (2009) found that many more bushfires (nearly 3000 bushfire scars) occur 
in desert regions with low human populations than is usually documented, with 
approximately 70 times the number of fires documented in his study when 
compared to a previous comparable study (Griffin et al., 1983). This study 
showed between 0 and 45 separate fire scars per year with 300 in total over the 
study period which amounted to 23.8% of the total study area being burnt at 
least once. A study of mallee in semi-arid south-eastern Australia, looking at a 
comparable time scale over an area nearly twice the size of the area in this 
study found 1060 separate fires (Avitabile et al., 2013), with 14% of their study 
area burnt at least once.  
 
Little has been known about bushfire frequency for many arid and semi-arid 
parts of Australia including the area in this study. Enright et al. (2012) found 
average fire intervals of 28 years at Arrowsmith which is approximately 85 km 
south of Geraldton, and 240 km south of this study area; further south at 
Eneabba (approximately 125 km south of Geraldton) the fire interval was 21 
years. The results from this study showed similar fire return intervals ranging 
from 10-29 years for vegetation types that burnt during the study period. Note 
that this represents a relatively small section of the study area of areas that 
burnt more than once; this gives a measure of approximate potential fire 
intervals based on fuel accumulation with the actual fire intervals likely to be 
much greater given the relative scarcity of fires in the study area. A simple fire 
frequency for the total area of study could not be calculated because much of 
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the area did not burn during the study period so TSF for these areas is 
unknown. Different vegetation types can also have very different fire 
frequencies even when growing in close proximity. Fire frequency is not only 
influenced by vegetation type, but also weather conditions. There needs to be 
adequate fuel loads to sustain a bushfire which in semi-arid regions requires 
sufficient antecedent rainfall. Since this is a 40+ year historical record of fires, 
and there was no field work associated with this study, fuel levels and rates of 
accumulation were not measured directly but rather inferred from fire spread 
patterns and intervals. 
 
A very small number of the vegetation types burnt in the same physical area for 
two consecutive years (‘Shrublands, Acacia rostellifera thicket’; ‘Shrublands, 
Acacia xiphophylla scrub’; and ‘Shrublands, scrub-heath on sandplain’). Acacia 
rostellifera grows on coastal sandplains that are frequently burnt (Beard, 1990); 
this vegetation group and ‘Shrublands, scrub-heath on sandplain’ were situated 
in the south-west of the southern study area which burnt frequently during the 
study period. ‘Shrublands, Acacia xiphophylla scrub’ was located in the 
Kennedy Range National Park which is dominated by an understorey of 
hummock grasses. Burning twice in two years could be due to the initial fire not 
consuming the entire fuel load (i.e., patchy fire) or that young vegetation can be 
prone to burning under certain conditions, albeit rarely. This has implications for 
land management, as it shows that young vegetation of these vegetation types 
may be fire prone.  
 
Large bushfires are not common but when they occur they can overwhelm any 
attempts to calculate mean values for most bushfire statistics. The number of 
bushfires in a year is also not indicative of the area burnt as the results showed 
for 1996 that there were 45 fires but only burnt 151 km2 whereas 2012 had 18 
fires and burnt 8698 km2. The 2012 fire was much larger than any other fire 
recorded in the study period with a total of 8642 km2 burnt (25% of the 35 105 
km2 northern study area). According to the Australian Broadcasting Corporation 
(2012) there were 29 ignition points caused by a dry lightning storm. The first 
fires were detected on the 27th December 2011, with further fires starting on the 
19th and 20th January 2012. These fires were the longest fought bushfires in 
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Western Australia since the Dwellingup fire in 1961, lasting over five weeks. 
Although there was no significant damage to the infrastructure of the eighteen 
pastoral stations and Kennedy Range National Park that it burnt through there 
were numerous closures of the main highway (North-West Coastal Highway) 
that services Carnarvon and other regions to the north of Western Australia 
(Bannister, 2012). From the 16th to the 20th of December in 2010 the area 
experienced extreme rainfall (the area recorded the yearly average during the 
four days) that led to extensive flooding (Fig. 4.1). The flooding resulted in over 
2000 cattle in the region drowning, which combined with the rainfall led to 
greatly increased vegetation growth (Bureau of Meteorology, n.d.; Western 
Australian Parliament. Record of Proceedings, March 29, 2012, pp. 1582b-
1583a). This increase in vegetation assumedly led to the establishment of fuel 
between the discrete fuel loads allowing for the spread of bushfire. 
 
Large bushfires in comparable climates globally tend to be less extensive than 
those found in Australia including those at this study. The largest bushfire 
recorded in eastern coastal fynbos in South Africa was 419 km2, approximately 
five per cent the size of the 2012 fire in the northern study area. According to 
Brooks and Minnich (2006) a bushfire of unusual size occurred during 2005 in 
California covering 4000 km2, with the second largest fire for the region 
measured at 60.7 km2. 
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Figure 4.1. Rainfall map of Western Australia, week ending 20th December 2010 
(Australian Bureau of Meteorology, 2010). 
 
4.1 Spatial patterning 
 
The scars left by a bushfire are often used to indicate the direction that the fire 
followed. Many studies have shown that bushfires tend to burn in directions 
associated with the prevailing winds (Anderson and Rothermel, 1965; Cheney 
et al., 1993; Sullivan et al., 2012; Beer, 1993) and not unexpectantly 76% of the 
fires in the study area burnt in a north to north-east direction. The prevailing 
wind direction of the area blows from the south in summer and from the south-
west to south-east during winter with stronger winds in the summer months 
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(Payne et al., 1987) which is when the fires most commonly occur. Bushfires in 
semi-arid regions with patchy fuel tend to burn in long, narrow fingers driven by 
wind (Burrows and van Didden, 1991) and this type of fire scar was easily seen 
in the remotely sensed images. 
 
The direction of fire movement for the majority of fires (including the largest in 
2012) in the northern study area could not be determined with any certainty 
from the images. This could be due to the vegetation cover being sparser than 
those present in more southerly vegetation types or it could be that the fires 
burned for a longer period and local wind direction changes over the prolonged 
period of the fire resulted in the edges of the scar being rounded, such as the 
2012 bushfire surrounding Carnarvon. Grassfires tend to move more rapidly 
than wooded areas when fuel loads are at their maximum (Sullivan et al., 2012). 
The wooded areas in the northern study area (very open and open canopy, Fig. 
1.1) are sparser than those in the southern study area (mid-dense to dense 
canopy, Fig. 1.1); grasses (both annual and perennial) typically grow in between 
the shrubs and trees after significant rainfall. Another explanation for the 
indeterminate fire scar directions is light wind conditions.  According to Cheney 
and Sullivan (2008) bushfires burning in light winds can create local thermal 
conditions that overcome the influence of the prevailing wind. The two areas in 
the northern study area where fire direction was determinable were both 
hummock grassland vegetation types, whereas the indeterminate scars were in 
‘Acacia woodland and shrubland’, and succulent shrubland. The rest of the 
burnt area in the northern study area was woodland over grassy understorey. 
The grasses spread throughout the open woodland and shrubland would have 
burnt quickly where and when there was substantial grassy understorey cover, 
with the other vegetation burning slower, which could explain the lack of 
discernible burn direction. Sullivan et al. (2012) stated that there is a minimum 
threshold value that needs to be achieved before a bushfire will burn 
predominantly in the direction of the prevailing wind. With variable vegetation 
cover, wind speed and direction during this time it would provide an opportunity 
for the edges of the fire-scar to become rounded (Nano et al., 2012). According 
to Curry (2008) the hummock grassland of the high plateau of Kennedy Range 
National Park attracts lightning strikes with subsequent fires contained on top 
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unable to descend the slopes. Bushfires that start from multiple lightning strikes, 
such as the extensive bushfire in 2012 in the northern study area, may have 
converging fires which can obscure bushfire burn direction. 
 
The directions of the fire fronts on the majority of bushfires in the southern study 
area were discernable in the satellite images, which were predominately in 
heathland vegetation. According to Keith et al. (2002) bushfires spread slower in 
heathland than grassland since the fuel particles tend to be larger than that of 
grasslands. There may also have been stronger winds in the southern study 
area pushing the bushfires in a more definite direction, as mentioned previously; 
however with only satellite imagery it is sometimes difficult to know what 
happened at ground level during the time of the fire. According to Enright et al. 
(2012) most bushfires in heathlands spread through the canopy, even though 
the canopy may be discontinuous. The fuel consists of live and dead standing 
phytomass, with the live fuels containing flammable terpenes and waxes. Dead 
leaves in the canopy and bark suspended on the trunk of the shrubs and trees 
are also important and may allow fires to move between canopy and ground 
fuels (Keith et al., 2002). The combination of these attributes produces a fuel 
structure that is flammable throughout the year (Cruz et al., 2010). 
 
4.2 Vegetation type 
 
The study area has two main types of vegetation, hummock grassland (primarily 
Triodia spp.) and wooded shrublands (primarily Acacia spp. over grassy 
understorey) creating a mosaic landscape with some succulent shrubland 
interspersed throughout, typical of arid and semi-arid Australia (Nano et al., 
2012). Different vegetation types burn at different rates and intensities. The 
vegetation types grouped as ‘mulga’ did not burn during the study period, 
though it did not form a large proportion of the study area, as according to 
Beard (1990) it prefers to grow on red loamy soils and not sandy soils which 
make up the majority of the study area. Over both the northern and southern 
study area mulga constituted only 0.61% of the total area. As vegetation is 
sparse and clumped in mulga vegetation high rainfall events are needed to 
allow grasslands to grow providing fuel for bushfires between stands, and 
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bushfires are irregular in mulga so it is not unexpected to find no fires in a 40 
year period (Hodgkinson, 2002). Mulga woodlands and shrubland (areas 
dominated by Acacia aneura sense lato) are much more common to the east of 
the study area and together with hummock grassland are the most widespread 
vegetation types in arid Australia. 
 
In sparse vegetation, grasses are usually needed to allow bushfires to spread. 
Triodia is the dominant grass in the hummock grassland vegetation types within 
the study area and prefers sandy soils (e.g. sandplains, dunes) in the study 
region (Beard, 1990). Triodia is highly flammable when cured and after sufficient 
rainfall can make up the understorey of many vegetation types (Burrows et al., 
2009). Some species of Triodia regenerate after fire by resprouting and some 
by seed; reproductive maturity can take up to nine years (Armstrong & Legge, 
2011). Triodia fuels accumulate for 15-25 years before plateauing, and are 
highly influenced by rainfall which can quicken growth rates on individual 
hummocks (Burrows et al., 2006).  Antecedent above-average rainfall has been 
found to correlate with bushfire events in hummock grasslands of Australia 
(Allan, 2009; Myers et al., 2004). However, there is some disagreement to the 
main influence on the rate of spread in hummock grasslands; Burrows et al. 
(2009) has found wind speed, fuel load and fuel moisture content  to be most 
significant, whereas Nano et al. (2012) and Greenville et al. (2009) found 
antecedent rainfall to have the greatest influence.  
 
In the southern study area all 7 vegetation groups were present though only 
three types of vegetation burnt; Heathland, Acacia Woodland and Acacia 
Shrubland. A total of 54% of the Heathland burnt, 34% of Acacia Woodland and 
2% of Acacia Shrubland, though the total area of Acacia Woodland was only 38 
km2. Heathland consists of low continuous scrub (<2m) on coastal sandplains 
including, proteaceous heath (Banksia, Grevillea and Adenanthos), Acacia 
rostellifera, some sparse mallee (Eucalyptus oraria) and Melaleuca thickets on 
coastal dunes. The heathlands in the southern study area have fine, aerated 
ground fuels as well as dead aerial fuels (Keith et al., 2002). This along with 
flammable tannins and oils, in the live fuels, makes heathland highly 
combustible. Vines (1981) suggests that surface fuels need to reach 
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temperatures >200°C for ignition of live fuels such as oils and tars. O’Donnell et 
al. (2011) found in a study with similar vegetation types as that of the southern 
study area, that vegetation with dense low fuels had a shorter fire return interval 
than others and this susceptibility to fire is reflected in the finding that, of all 
vegetation types, Heathland had the greatest area burnt. According to Enright et 
al. (2012) heathland has a fire return interval of between decades and centuries 
with most records found between 14-38 years. The results showed an average 
of 18.3 years (for areas burning more than once during the study area) which is 
in line with Enright’s et al. (2012) findings. Marquis shrubland in the 
Mediterranean Basin, which is similar in structure to Heathland in the southern 
study area, also burns approximately every 25 years (Naveh, 1974). 
 
The northern study area contained no Heathland and the small amount of 
mulga that was present did not burn during the study period. The five other 
vegetation groups burned during the study period with hummock grasslands 
having the greatest area burnt (68%). According to Burrows et al. (2009) it takes 
approximately 20 years for hummock grasslands (spinifex) to reach maximum 
fuel loads, and when conditions are right the resulting bushfires can be large 
and intense. Due to the limited attrition in biomass in hummock grasses over 
time and during dry periods, the fire regime of hummock grasslands are 
comparable to shrublands (Nano et al., 2012) 
 
A study by Russell-Smith et al. (2003) found that less than 5% of Acacia 
Shrubland burnt over a four year period in northern Australia. In the area of this 
study I found that in the southern study area only 2% burnt, whilst 28% burnt in 
the northern study area. Acacia Shrubland seemed to be a barrier to most 
bushfires with the only large fire in the northern study area occurring during the 
extensive 2012 bushfires. Acacia Shrubland consists of open to dense shrubs 
greater than 2 m on red sandplains and dunes dominated by a mix of shrub 
species such as Acacia ramulosa, Acacia sclerosperma, Acacia victoriae and 
Acacia coriacea, with some Acacia xiphophylla, Acacia aneura, Acacia 
subtessarogona; Callitris and mallee (multi-stemmed eucalypts) also occurring 
though tending to be very sparse. In the northern study area, the Acacia 
Shrubland have open structure (Beard et al., 2013) and so are unlikely to 
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provide the continuity of fuel for bushfire even in strong wind, which contrasts 
with the Acacia Shrubland in the southern study area which were more closed 
structures which can carry a fire when mature (Dalgleish et al., 2015). Acacia 
shrublands are not highly flammable, often with stands not burning throughout a 
bushfire (Nano et al., 2012). The majority of the land-systems are described as 
being open or sparse (Hennig, 2009; Beard et al., 2013). This would indicate 
that higher than average rainfalls are needed to allow grasses and ephemeral 
species to grow to form continuous fuels which coincides with the correlations 
and modelling.  
 
For vegetation types that burnt multiple times I found the average time between 
fires being 17.2 years which is slightly less than what Greenville et al. (2009) 
found for the average frequency of fires in the Tanami Desert which was 26 
years. The results of this study showed that hummock grasslands burn 
approximately as often as Acacia, unlike Greenville et al. (2009) who found that 
Triodia dominated landscapes burn more frequently than Acacia landscapes. I 
only had two instances of hummock grasslands repeatedly burning and seven 
instances of Acacia woodland and shrubland combined burning repeatedly. 
Allan and Southgate (2002) found that TSF for Triodia can range between 7 
(Tanami Desert) – 77 (Great Victoria region) years while Hodgkinson (2002) 
found Acacia woodlands to have a fire frequency of between 30-50 years. The 
research from this study showed that Acacia Woodland had the shortest reburn 
time with 12.7 years for areas that burnt more than once. The reburn time for 
the entire area is likely to be longer with many areas not burning during the 
study period; however the above figure helps in estimating minimum times for 
fire reoccurrence. 
 
The specific vegetation type that had the largest percentage area burnt (3432.1 
– mosaic Acacia low woodlands/shrublands; Acacia coriacea, Acacia 
sclerosperma, Acacia victoriae and Acacia subtressaronga and other species 
including Senna charlesiana, Eremophila forrestii, Grevillea eriostachya and 
Stylobasium spathulatum (Beard et al., 2013)) consisted of Acacia woodlands 
and shrublands on sandplains. It was found that 85% of this vegetation type 
burnt during the extensive 2012 bushfires in the northern study area. This is 
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contrary to what would be expected as Acacia is known as low flammability 
vegetation (Nano et al., 2012). As this vegetation type grows on sandy soil; it is 
possible that there were sufficient perennial grasses and ephemeral species to 
provide a continuous fuel load.  
 
There were a number of vegetation types that bushfires regularly stopped 
burning into shortly after entering; the two most noticeable were vegetation 
types containing Acacia xiphophylla and Acacia ramulosa. A. xiphophylla had 
four fires stop an average of 0.23 km after entering. According to Beard (1990) 
this vegetation usually lacks a flammable understorey with typically a rocky 
ground cover. A. ramulosa had three fires stop an average of 0.88 km after 
entering. According to Beard (1990) it usually has an open understorey of 
shrubs such as Cassia (now Senna) and Eremophila which takes the place of 
Triodia on hills and rocky grounds. The lack of continuous fuels, in both, helps 
explain why the fires extinguished after encountering both these vegetation 
types as sparse vegetation acts as a natural fire boundary (O’Donnell et al., 
2014).  
 
4.3 Land-systems and vegetation structural groups 
 
The sandplain and coastal land-systems group had the highest percentage of 
area burnt at least once in both the northern (57%) and southern (16.6%) study 
areas. The group was also by far the most widespread land type though burnt 
greater to its proportion of availability. Shrubs are relatively dense on coastal 
dunes which increase the burning risk likely to increase with time since last fire 
(Beard, 1990).  
 
The samphire shrub structural group covers a greater area (2087 km2) than the 
bare structural group (81 km2), though a larger amount of ‘bare’ burnt (9 km2) 
than samphire shrub (4 km2). Figure 3.28 shows the section of bare structural 
group that burnt; it runs along the edge of shrub structural group. The 
vegetation types used in the analysis were from Beards Pre-European 
Vegetation data-layer (Department of Agriculture and Food, WA, 2012), the 
author notes that the edges of the different vegetation types are assumed to 
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have uniform factors and any change can affect vegetation boundaries (Beard, 
1990). This explains how a ‘bare’ area can show up on satellite imagery as 
burnt. 
 
Greenville et al. (2009) found in a 30 year study that samphire shrub does not 
readily burn compared to grass. This corresponds to the data from this study 
that found that many samphire areas did not burn during the study period, 
resulting in an average of 32.4 years since last fire (which is a likely 
underestimate as unburnt area were given a nominal TSF of 40 years which 
represented their absolute minimum fire age). According to Murphy et al. (2013) 
grasses are not usually found within chenopod or samphire shrubland, although 
some chenopod shrublands were in mosaics with Acacia shrublands which 
would explain the few areas that did burn (Appendix A). Samphire shrubs tend 
to grow along the edges of salt lakes where bushfire activity is low and most 
other vegetation will not grow due to salinity (Department of the Environment 
and Water Resources, 2007). High salt and moisture content in samphire and 
chenopod vegetation also contributes to its low flammability (Leigh, 1994).  
 
In the southern study area the density of vegetation cover seems to have an 
impact on the bushfire regime. The land-systems that had the highest 
percentages burnt at least once had vegetation cover that was ‘mostly close to 
closed’, whereas the land-systems that were over 400 km2 but had not burnt 
during the study period were all ‘scattered to very scattered’ except for Yaringa 
Land System which was ‘moderately close to closed’ (Hennig, 2009; Payne et 
al., 1987). The dominant species of the Yaringa Land System which occurs 
along the coast south of the Wooramel River is Acacia ramulosa with no or very 
scarce perennial grasses (Payne et al., 1987) which would suggest a lack of a 
continuous fuel load. Almost all of the vegetation that burnt was in the shrub 
structural group (310 fire scars) with a very small number of fires in mallee (5 
fire scars). 
 
There seems to be no association in the northern study area between the type 
of vegetation structural group and percentage of that vegetation burnt. Areas 
with large percentages burnt at least once (such as the Kennedy Land System 
104 
 
with 75% burnt) and areas with no bushfire activity during the study period 
(such as Brown Land System) both had vegetation covers ranging from 
moderately close to very scattered (Hennig, 2009 and Payne et al., 1987). 
There was no mallee structural group in the northern study area, but all other 
groups burnt. The tree structural group had the greatest number of fire scars 
(81); in the northern study area the tree structural group consisted of vegetation 
that was open or sparse.  
 
The ‘tree’ vegetation structural group (which corresponds to woodland 
formations of various types) had the shortest average fire interval of 12.7 years; 
‘mallee’ had the highest with 22 years, though these intervals are likely 
underestimates due to using 40 years for extensive areas that had not burnt 
during the study period. Bradstock et al. (2002) suggests that fire frequency in 
mallee in southern Australia is between one and two decades. The ‘tree’ 
vegetation structural group consisted of Acacia and other woodland vegetation. 
According to Hodgkinson (2002) Acacia vegetation fire frequency is 
approximately 30-50 years except where hummock grasses grow underneath, 
such as the areas of this study, contributing to a fire frequency of 10-50 years. 
 
Chongo et al. (2007) found that bushfires are more common in mixed or open 
woodland to closed forest in Kruger National Park, South Africa and Balch et al. 
(2013) found in a study in the US that grassland burned proportionally more 
than other structural types. This corresponds to the northern study area where 
open tree and grass landscapes showed the highest percentage areas burnt. 
 
4.4 Land use 
 
There is a lack of data on effects of land tenure and change of tenure in the 
study area to make any definitive conclusions, however, there was one part of 
the study area that changed tenure and had bushfires over multiple years. This 
area is now known as the Kennedy Range National Park located in the east of 
the northern study area. The idea for Kennedy Range National Park came 
about during the 1970s due to unviable pastoral leases which have been 
progressively being bought by the Western Australian state government, the 
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first being bought in 1977 with significant additions being bought in 2001 and 
2002 (Curry, 2008). After pastoral leases are bought, the area is destocked and 
artificial watering-holes are closed. This can lead to a decrease in grazing 
pressure leading to an increase in biomass and number and intensity of 
bushfires. There appears to be a link between grazing activity (in this case 
goats) and bushfires with more regular fires when the goat populations were 
being managed (Fig. 3.33). According to Curry (2008) between July 1991 and 
June 2000 feral goats were actively managed in Kennedy Range National Park. 
The average density of goats in occupied areas of Western Australia in 1992-93 
was one goat per 1.6 km2 (Parkes et al., 1996); which gives an estimate of 
about 2200 goats for the Kennedy Range National Park. Goat numbers 
estimated again during a Department of Agriculture survey in 2000, after active 
goat management of nine years, and only 850 goats were recorded in the 
Kennedy Range National Park (Pople & Froese, 2012). This is a possible 
reduction of around 60% of total goat numbers in eight years. Curry (2008) 
suggests there is anecdotal evidence of significantly higher goat numbers after 
2000 when goat management ceased. Since goats are able to change the 
vegetation structure and resulting fuel load (Hester et al., 2006; Jáuregui et al., 
2009) it is thought that the different fire frequencies recorded could be a 
consequence of goat herbivory in the Kennedy Range National Park. 
 
The changes in fire frequency found in the Kennedy Range National Park, in 
response to goat management, were not seen in an area of similar vegetation. 
This area to the west of Lake Macleod part of Gnaraloo Station was the only 
other area of hummock vegetation that had bushfires over multiple years in the 
northern study area. Merino sheep and feral goats are run at Gnaraloo Station 
(Richardson, 2014). In 1988 it was recorded that the station had 14 000 sheep, 
which equals approximately 14 sheep km-1, after which the numbers were 
gradually reduced to 3 000 sheep by 1990 and 2 000 sheep by 2006. Goats 
have been actively removed from the property from 2007, resulting in more than 
3000 removed (“Pastoral Station”, n.d.). The fire frequency of the hummock 
grassland on the western side of Lake Macleod however stayed the same for 
the entire study period unlike the situation in the Kennedy Range (Fig. 3.33). 
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The southern study area did not have any regions that changed tenure that 
could be analysed. There were two pastoral leases (Nanga and Yaringa) that 
were purchased by the state government approximately 15 years ago, but it 
was decided that this was not a significant time period to allow for analysis of 
changed fire regime due to the low number of fires in the area. All of the 
bushfire activity occurred in the south-west section (in a variety of land use 
types) of the area except for a small amount that burnt during the extensive 
2012 bushfires in the north. The southern edge of the southern study area is 
closer to much greater human activity; Kalbarri is less than ten kilometres away 
and Geraldton 155 kilometres by road. There is also greater farming activity in 
the southern study area including cropping activity which does not occur further 
north as well as a small amount of prescribed burning in the Kalbarri National 
Park.  
 
4.5 Climate 
 
Modest to strong positive correlations were found in the northern study area 
between both rainfall and temperature and bushfire extent (Tables 3.3 and 3.4) 
which is likely due to the higher fuel loads following rainfall and hot periods.  
According to Bowman et al. (2007) Triodia and Acacia aneura both increase fuel 
loads after rain, however Triodia grows and recovers from seed at a faster rate 
than A. aneura.  Further to this Triodia structure is conducive to burning. This is 
shown in that 68% of hummock grassland burnt at least once during the study 
period, the greatest of all vegetation groups. This is similar to what Brooks and 
Matchett (2006) found, namely that; high rainfall years allow continuity of 
vegetation cover which in turn promotes larger fires. Greenville et al. (2009) 
showed a similar pattern in their study on the north-eastern Simpson Desert 
where the number of bushfires showed a strong correlation (r2=0.40) with two 
years antecedent rainfall and the Southern Oscillation Index. 
 
Littell et al. (2009) found in the deserts of western US that increased 
precipitation the year prior has more impact on bushfires than warmer 
temperatures or drought the year of the fire; this is similar to the results of the 
northern study area which found that the combined rainfall in the year of fire and 
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two years previously had the greatest influence on annual area burnt (Table 
3.6). The generalised linear models with lowest AICc showed different variables 
were important for the two study areas. The northern study area showed the 
two most important variables explaining annual burn area to be rain in the 
previous two years to year of fire (positive relationship) and rain in previous 
three years to fire (negative relationship), whereas the most important variables 
in the southern study area were number of days in the year of fire over 35°C 
(positive relationship), rain in the year of fire (negative relationship) and rain in 
the three years prior to fire (positive relationship). More importantly what the 
models show is that no single variable contributes to increased bushfire risk but 
rather a number of variables are involved and these can have different levels of 
impact depending on the location of the study. The fact that the two study areas 
had differing important variables might be a consequence of different vegetation 
and structural types or that the greater density in the human population in the 
southern study area leads to a higher incidence of fires and a more active 
management regime because of threats to life and property. Wind may have 
been a contributing climatic factor to annual burn area (Griffin et al., 1983), 
however due to the data collection methods it was not included as part of this 
study. 
 
The fact that neither study area shows a strong correlation between climate and 
bushfire (compared to previous research in the arid zone; Nano et al., 2012; 
Turner et al., 2008; Littell et al., 2009) could also be due to the fact that weather 
patterns were averaged over the two study areas. The areas are sufficiently 
large that different regions of both study areas could have received varying 
amounts of rainfall which could influence growth of grasslands and ephemeral 
species and as the area is arid to semi-arid, 40 years may be too short a time 
period to see a number of high rainfall years — only one season of high rainfall 
being the 2010/2011 flooding that contributed to the 2012 bushfires in the 
northern study area (Figs 3.2 & 4.1).  
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5 Conclusion 
 
This is the first study to comprehensively investigate the bushfire regime for an 
arid to semi-arid region of the Gascoyne in Western Australia. This research 
provides an overview of the bushfire regime and the characteristics which drive 
it using remotely sensed imagery. It shows the effect different adjoining 
vegetation types can have with regards to bushfire regimes. The bushfire size 
distribution and frequency were found to be typical when compared with other 
regimes in similar climates in Australia and overseas, though the size of the 
bushfires tended to be larger than those found in similar vegetation types 
outside of Australia.  
 
Bushfires in arid to semi-arid regions are infrequent and can be exceptionally 
large (>4000 km2), when they do burn. The fact that the widespread 2012 fire 
was not included in the six year study done previously (Turner et al., 2008) 
highlights the fact that when determining the bushfire regimes in semi-arid 
regions long-term temporal data is required. Even the 40 year data set compiled 
for this study appears too short in that much of the study area did not burn. 
 
Bushfires in the southern study area followed the wind direction, whereas most 
fires in the northern study area had indeterminate burn direction. Since there is 
a minimum threshold level that the wind speed needs to be to determine 
direction of bushfire spread, further investigation would be needed to determine 
what the minimum threshold level is for various parts of the study area. 
 
Vegetation type and vegetation structural groups are important drivers of 
bushfires in semi-arid Australia. There are two distinct regions in the study area 
of denser shrubland (mostly heathland) in the southern study area and sparse 
shrubs with open grassy understorey in the northern study area. The denser 
shrubs in the southern study area allows for fires to burn through the canopy 
with TSF and wind likely to be most important for fire spread; whereas the 
sparser vegetation in the northern study area necessitates rainfall followed by 
the curing of fuel important to allow bushfire spread. Some vegetation types 
appear to interrupt the spread of bushfires, (e.g. Acacia xiphophylla and Acacia 
109 
 
victoria shrublands), thus understanding the mosaic of vegetation types and 
their fire susceptibility is critical when deciding to fight extensive bushfires in 
remote areas. 
 
Heavy grazing and browsing by feral and managed goats appears to have an 
impact on bushfires since it removes part of the fuel load. The active removal of 
goats from Kennedy Range National Park increased the probability of bushfire 
activity whilst goat numbers were low. This shows that consideration needs to 
be taken by land managers when destocking areas of goats, or other feral 
herbivores, from rangelands in regards to the potential for increased bushfire 
activity as the effect of destocking on fire regime may take some years to 
become apparent. 
 
Above average rainfall often results in connected fuel levels that are conducive 
to extensive bushfires in arid to semi-arid regions where vegetation is widely 
spaced and cannot usually carry a fire. The southern study area showed no 
correlation between bushfires and climate. Instead, human activity may be the 
main influence on bushfires. The sparcity of weather stations in the southern 
and northern study areas and breaks in the data that is available contributes to 
a lack of definitive analysis. The northern study area did show a correlation 
between bushfires and combined above average rainfall and temperature. 
Future climate forecasts predict increased rainfall and temperatures for the 
northern study area and such changes could result in an increased number and 
intensity of bushfires as a consequence of increased fuel loads and fire danger 
weather. 
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7 Appendices 
 
7.1 Appendix A. Land-systems combined into land-system groups. 
 
Land-system Land-system group 
Agamemnon Hills/mesas 
Ajana Hills/mesas 
Barrabiddy Alluvial/plains with eucalypts/clayplans 
Bayou Alluvial/plains with eucalypts/clayplans 
Bibra  Washplains/stony plains/calcrete 
Bidgemia Sandplains/coastal 
Billy Hills/mesas 
Birrida Alluvial/plains with eucalypts/clayplans 
Brown Sandplains/coastal 
Bungabandi Sandplains/coastal 
Cahill Sandplains/coastal 
Cardabia Alluvial/plains with eucalypts/clayplans 
Channel Washplains/stony plains/calcrete 
Chargoo Alluvial/plains with eucalypts/clayplans 
Claypan Alluvial/plains with eucalypts/clayplans 
Coast Sandplains/coastal 
Cooloomia Sandplains/coastal 
Delta Alluvial/plains with eucalypts/clayplans 
Divide Sandplains/coastal 
Donovan Alluvial/plains with eucalypts/clayplans 
Durlacher Washplains/stony plains/calcrete 
Edel Sandplains/coastal 
Ella Sandplains/coastal 
Eurardy Sandplains/coastal 
Foscal Alluvial/plains with eucalypts/clayplans 
Fossil1 Hills/mesas 
Garry Washplains/stony plains/calcrete 
Gascoyne Alluvial/plains with eucalypts/clayplans 
Gearle Alluvial/plains with eucalypts/clayplans 
Giralia Sandplains/coastal 
Highway Alluvial/plains with eucalypts/clayplans 
Holmwood Alluvial/plains with eucalypts/clayplans 
Jimba Washplains/stony plains/calcrete 
Jingle Washplains/stony plains/calcrete 
Kalbarri Sandplains/coastal 
Kennedy Sandplains/coastal 
Littoral Sandplains/coastal 
Lyell Sandplains/coastal 
Lyons Sandplains/coastal 
MacLeod Alluvial/plains with eucalypts/clayplans 
Mallee Sandplains/coastal 
Mantle Washplains/stony plains/calcrete 
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Marloo Alluvial/plains with eucalypts/clayplans 
Mary Washplains/stony plains/calcrete 
Moogooloo Hills/mesas 
Nanga Sandplains/coastal 
Nerren Sandplains/coastal 
O'Brien Washplains/stony plains/calcrete 
Outwash Washplains/stony plains/calcrete 
Pells Hills/mesas 
Peron Sandplains/coastal 
Pillawarra Hills/mesas 
River Alluvial/plains with eucalypts/clayplans 
Roderick Alluvial/plains with eucalypts/clayplans 
Sable Alluvial/plains with eucalypts/clayplans 
Salune Alluvial/plains with eucalypts/clayplans 
Sandal Alluvial/plains with eucalypts/clayplans 
Sandiman Hills/mesas 
Sandplain Sandplains/coastal 
Snakewood Alluvial/plains with eucalypts/clayplans 
Spot Alluvial/plains with eucalypts/clayplans 
Stork Alluvial/plains with eucalypts/clayplans 
Tamala Washplains/stony plains/calcrete 
Tarcumba Washplains/stony plains/calcrete 
Target Alluvial/plains with eucalypts/clayplans 
Toolonga Washplains/stony plains/calcrete 
Trealla Washplains/stony plains/calcrete 
Tumblagooda Hills/mesas 
Uaroo Sandplains/coastal 
Wandagee Alluvial/plains with eucalypts/clayplans 
Warroora Alluvial/plains with eucalypts/clayplans 
Weenyung Alluvial/plains with eucalypts/clayplans 
Windalia Washplains/stony plains/calcrete 
Wolarry Alluvial/plains with eucalypts/clayplans 
Wooramel Washplains/stony plains/calcrete 
Yagina Washplains/stony plains/calcrete 
Yalbalgo Sandplains/coastal 
Yandi Alluvial/plains with eucalypts/clayplans 
Yanganoo Washplains/stony plains/calcrete 
Yaringa Sandplains/coastal 
York Alluvial/plains with eucalypts/clayplans 
Zuytdorp Sandplains/coastal 
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7.2 Appendix B. Vegetation types combined into vegetation 
structural groups. 
 
Vegetation type Vegetation 
type group 
17; Shrublands; Acacia rostellifera thicket Shrub 
18; Low woodland; mulga (Acacia aneura) Shrub 
18.3; Low woodland; mulga (Acacia aneura) Shrub 
36; Shrublands; thicket, acacia-casuarina alliance Shrub 
36.3; Shrublands; thicket, acacia-casuarina alliance Shrub 
43; Low forest; mangroves (Kimberley) or thicket; mangroves 
(Pilbara) Tree 
49.4; Shrublands; mixed  heath Shrub 
95; Hummock grasslands, shrub steppe; acacia & grevillea 
over Triodia basedowii Grass 
95.1; Hummock grasslands, shrub steppe; acacia & grevillea 
over Triodia basedowii Grass 
112; Hummock grasslands, shrub steppe; Acacia ligulata over 
Triodia plurinervata Grass 
112.1;Hummock grasslands, shrub steppe; Acacia ligulata 
over Triodia plurinervata Grass 
125; Bare areas; salt lakes 
Samphire 
shrub 
127; Bare areas; mud flats Bare 
129; Bare areas; rock outcrops Bare 
158; Hummock grasslands, shrub steppe; kanji over Triodia 
basedowii Grass 
160; Shrublands; snakewood & Acacia victoriae scrub Shrub 
160.1; Shrublands; snakewood & Acacia victoriae scrub Shrub 
160.2; Shrublands; snakewood & Acacia victoriae scrub Shrub 
162; Shrublands; snakewood  scrub Shrub 
165; Low woodland; mulga & snakewood (Acacia eremaea) Tree 
166; Low woodland; mulga & Acacia victoriae Tree 
167.1; Shrublands; Acacia victoriae & snakewood open scrub Shrub 
168; Shrublands; mulga, Acacia victoriae & snakewood scrub Shrub 
182; Low woodland; mulga & bowgada (Acacia ramulosa) Tree 
183; Low woodland; mulga, Acacia victoriae & snakewood Tree 
184; Shrublands; mulga & bowgada scrub Shrub 
184.2; Shrublands; mulga & bowgada scrub Shrub 
184.3; Shrublands; mulga & bowgada scrub Shrub 
186; Shrublands; Acacia sclerosperma & A. victoriae open 
scrub Shrub 
186.1; Shrublands; Acacia sclerosperma & A. victoriae open 
scrub Shrub 
200; Mosaic: Low woodland over scrub; mulga over bowgada 
scrub / Shrublands; bowgada & grevillea scrub on sandhills Tree 
205; Shrublands; Acacia sclerosperma & bowgada scrub Shrub 
205.1; Shrublands; Acacia sclerosperma & bowgada scrub Shrub 
205.2; Shrublands; Acacia sclerosperma & bowgada scrub Shrub 
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205.3; Shrublands; Acacia sclerosperma & bowgada scrub Shrub 
205.4; Shrublands; Acacia sclerosperma & bowgada scrub Shrub 
205.5; Shrublands; Acacia sclerosperma & bowgada scrub Shrub 
206.1; Shrublands; bowgada & grevillea scrub Shrub 
206.2; Shrublands; bowgada & grevillea scrub Shrub 
208; Mosaic: Shrublands; Acacia sclerosperma & bowgada 
scrub /  Shrublands; bowgada & grevillea scrub Shrub 
208.1; Mosaic: Shrublands; Acacia sclerosperma & bowgada 
scrub /  Shrublands; bowgada & grevillea scrub Shrub 
209.1; Shrublands; Acacia sclerosperma & minnieritchie scrub Shrub 
221; Succulent steppe; saltbush 
Chenopod 
shrub 
224.1; Shrublands; waterwood & Acacia victoriae scrub Shrub 
226; Mosaic: Shrublands; Acacia sclerosperma & bowgada 
scrub / Succulent steppe; samphire 
Samphire 
shrub 
229; Mosaic: Shrublands; bowgada and associated spp scrub 
/ Shrublands; bowgada & grevillea scrub Shrub 
240.2; Succulent steppe with open scrub; scattered Acaica 
sclerosperma & bowgada over saltbush & bluebush Shrub 
242; Succulent steppe with scrub; snakewood over saltbush 
Chenopod 
shrub 
243; Shrublands; bowgada & minnieritchie scrub Shrub 
244; Shrublands; Acacia sclerosperma & A. victoriae scrub Shrub 
244.1; Shrublands; Acacia sclerosperma & A. victoriae scrub Shrub 
244.2; Shrublands; Acacia sclerosperma & A. victoriae scrub Shrub 
245; Mosaic: Shrublands; bowgada & minnieritchie scrub / 
Succulent steppe; saltbush & bluebush Shrub 
246.1; Hummock grasslands, low tree steppe; Eucalyptus 
dongarraensis & E. foecunda over Triodia plurinervata Grass 
248.1; Shrublands; bowgada scrub with scattered  red mallee 
& Eucalyptus sp. Shrub 
260; Mosaic: Shrublands tree-heath between sandhills; 
Banksia ashbyi, Grevillea gordoniana, Acacia spp., Melaleuca 
and mallee / Shrublands; scrub-heath Shrub 
264; Low woodland; Acacia victoriae & snakewood Tree 
264.1; Low woodland; Acacia victoriae & snakewood Shrub 
264.2; Low woodland; Acacia victoriae & snakewood Tree 
265; Low woodland; Acacia sclerosperma & A. victoriae Tree 
265.1; Low woodland; Acacia sclerosperma & A. victoriae Shrub 
267.1; Succulent steppe with open scrub; scattered Acaica 
sclerosperma & A. victoriae over saltbush & bluebush Shrub 
269.3; Low woodland over scrub; mulga over bowgada scrub Tree 
281; Shrublands; mulga & bowgada open scrub Shrub 
282.1; Shrublands; Acacia sclerosperma & A. victoriae sparse 
scrub Shrub 
283.1; Shrublands; Acacia sclerosperma, bowgada & A. 
victoriae scrub Shrub 
283; Shrublands; Acacia sclerosperma, bowgada & A. 
victoriae scrub 
Chenopod 
shrub 
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283.2; Shrublands; Acacia sclerosperma, bowgada & A. 
victoriae scrub Shrub 
284.1; Mosaic: Shrublands; Acacia sclerosperma & bowgada 
scrub / Shrublands; snakewood & Acacia victoriae scrub Shrub 
301; Hummock grassland; shrub steppe; mixed scrub, hard 
spinifex (Triodia basedowii) with dwarf shrubs Grass 
301.1; Hummock grassland; shrub steppe; mixed scrub, hard 
spinifex (Triodia basedowii) with dwarf shrubs Grass 
303.1; Sparse succulent steppe; bluebush with very sparse 
snakewood shrubs 
Chenopod 
shrub 
304; Sparse low woodland; Acacia victoriae & snakewood in 
scatttered groups Tree 
307; Low woodland; bowgada & Acacia subtressarogona Tree 
307.1; Low woodland; bowgada & Acacia subtressarogona Tree 
308; Mosaic: Shrublands; Acacia sclerosperma sparse scrub / 
Succulent steppe; saltbush & bluebush Shrub 
308.1; Mosaic: Shrublands; Acacia sclerosperma sparse scrub 
/ Succulent steppe; saltbush & bluebush Shrub 
320; Shrublands; bowgada & Acacia victoriae scrub Shrub 
321.1; Mosaic: Shrublands; Acacia sclerosperma & bowgada 
scrub / Succulent steppe; saltbush & bluebush Shrub 
323.1; Shrublands; Acacia sclerosperma, bowgada & 
snakewood scrub Shrub 
325; Succulent steppe; saltbush & samphire 
Chenopod 
shrub 
325.2; Succulent steppe; saltbush & samphire 
Chenopod 
shrub 
328; Succulent steppe with scrub; waterwood & Acacia 
sclerosperma over saltbush & samphire Shrub 
329.1; Shrublands; dwarf waterwood (Acacia coriacea) shrubs 
on recent dunes Shrub 
342; Mosaic: Low woodland; waterwood / Shrublands; Acacia 
sclerosperma & bowgada scrub Tree 
344.1; Mosaic: Shrublands; bowgada scrub and associated 
spp / Shrublands; Acacia sclerosperma, bowgada & A. 
victoriae scrub Shrub 
345; Mosaic: Shrublands; Acacia sclerosperma & A. victoriae 
patchy scrub, barren / Succulent steppe; saltbush & bluebush Shrub 
345.1; Mosaic: Shrublands; Acacia sclerosperma & A. 
victoriae patchy scrub, barren / Succulent steppe; saltbush & 
bluebush Shrub 
346.1; Mosaic: Shrublands; Acacia sclerosperma, A. victoriae 
& snakewood scrub / Shrublands; patches of low mixed scrub 
Chenopod 
shrub 
347.1; Mosaic: Shrublands; Acacia sclerosperma, A. victoriae 
& snakewood scrub patches /  Succulent steppe; bluebush 
Chenopod 
shrub 
349; Mosaic: Shrublands; bowgada scrub with scattered 
mulga /  Shrublands; bowgada & grevillea scrub Shrub 
349.1; Mosaic: Shrublands; bowgada scrub with scattered 
mulga /  Shrublands; bowgada & grevillea scrub Shrub 
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360; Shrublands; bowgada scrub with scattered mulga Shrub 
361.1; Shrublands; bowgada & minnieritchie scrub with 
scattered  mulga Shrub 
362; Mosaic: Shrublands; bowgada & minnieritchie scrub with 
scattered mulga / Scattered groups of saltbush/bluebush Shrub 
363.1; Shrublands; bowgada scrub with scattered cypress 
pine Shrub 
364; Shrublands; bowgada scrub with scattered eucalypts & 
cypress pine Shrub 
365; Shrublands; bowgada & jam scrub with scattered York 
gum & red mallee Shrub 
368.1; Shrublands tree-heath between sandhills; Banksia 
ashbyi, Grevillea gordoniana, Acacia spp., Melaleuca and 
mallee Shrub 
380; Shrublands; scrub-heath on sandplain Mallee 
380.3; Shrublands; scrub-heath on sandplain Shrub 
383; Shrublands; Acacia rostellifera scrub-heath Shrub 
384.1; Shrublands; mallee & acacia thicket on coastal dunes 
(central west) Shrub 
386; Low woodland; York gum Tree 
387; Shrublands; Melaleuca cardiophylla thicket Shrub 
401.1; Mosaic: Shrublands; scrub-heath on coastal 
association on yellow sandplain / Shrublands; acacia patchy 
scrub Shrub 
402.1; Shrublands; heath on coastal limestone Shrub 
405; Shrublands; Acacia sclerosperma, bowgada & jam scrub Shrub 
406.1; Shrublands; acacia, casuarina, Eucalyptus 
eudesmioides, Banksia ashbyi & other mixed species thicket Shrub 
407.1; Low woodland over scrub; Allocasuarina heugeliana 
over jam scrub Shrub 
408; Shrublands; scrub-heath on coastal association, yellow 
sandplain Shrub 
658; Shrublands; Acacia sclerosperma & snakewood scrub 
(also with some waterwood) Shrub 
658.1; Shrublands; Acacia sclerosperma & snakewood scrub 
(also with some waterwood) Shrub 
676; Succulent steppe; samphire 
Chenopod 
shrub 
676.21; Succulent steppe; samphire 
Samphire 
shrub 
676.6; Succulent steppe; samphire 
Chenopod 
shrub 
676.7; Succulent steppe; samphire 
Samphire 
shrub 
676.8; Succulent steppe; samphire 
Samphire 
shrub 
984.2; Mosaic: Shrublands; acacia & melaleuca scrub / 
Succulent steppe; saltbush 
Chenopod 
shrub 
1100.1; Hummock grassland; dwarf shrub Steppe; mixed Grass 
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ericoid shrubs & spinifex 
1101; Shrublands; Acacia ligulata x rostellifera thicket Shrub 
1102.2; Mosaic: Shrublands; mixed  heath / Shrublands; 
acacia patchy scrub Shrub 
1104.1; Mosaic: Shrublands; scrub-heath / Shrublands; Acacia 
rostellifera & Melaleuca cardiophylla thickets Shrub 
1106.1; Mosaic: Shrublands; scrub-heath / Shrublands; acacia 
various species scrub Shrub 
1107; Open low woodland; Eucalyptus oraria Mallee 
1271; Bare areas; claypans  
Chenopod 
shrub 
1271.1; Bare areas; claypans Shrub 
1322.1; Shrublands; Acacia sclerosperma, A. victoriae & 
snakewood scrub Shrub 
1325; Succulent steppe with very open low trees; coolebah 
over saltbush & samphire 
Chenopod 
shrub 
1325.1; Succulent steppe with very open low trees; coolebah 
over saltbush & samphire 
Chenopod 
shrub 
1423.1; Shrublands; scrub-heath in Shark Bay area, mainly 
Acacia spp. Shrub 
2081; Shrublands; bowgada and associated spp. scrub Shrub 
2081.3; Shrublands; bowgada and associated spp. scrub Shrub 
2081.5; Shrublands; bowgada and associated spp. scrub Shrub 
2081.6; Shrublands; bowgada and associated spp. scrub Shrub 
2081.7; Shrublands; bowgada and associated spp. scrub Shrub 
2081.8; Shrublands; bowgada and associated spp. scrub Shrub 
2081.9; Shrublands; bowgada and associated spp. scrub Shrub 
2685; Shrublands; Acacia quadrimarginea & jam scrub on 
greenstone Shrub 
3432; Mosaic: Low woodland; waterwood / Shrublands; Acacia 
sclerosperma, A. victoriae & A. subtressarogona scrub Tree 
3432.1; Mosaic: Low woodland; waterwood / Shrublands; 
Acacia sclerosperma, A. victoriae & A. subtressarogona scrub Tree 
 
  
131 
 
7.4 Appendix C. Vegetation types combined into vegetation groups. 
 
Vegetation type Vegetation type group 
17; Shrublands; Acacia rostellifera thicket Heathland 
18; Low woodland; mulga (Acacia aneura) Mulga Woodland 
18.3; Low woodland; mulga (Acacia aneura) Mulga Woodland 
36; Shrublands; thicket, acacia-casuarina alliance Acacia Shrubland 
36.3; Shrublands; thicket, acacia-casuarina alliance Acacia Shrubland 
43; Low forest; mangroves (Kimberley) or thicket; 
mangroves (Pilbara) Other 
49.4; Shrublands; mixed  heath Heathland 
95; Hummock grasslands, shrub steppe; acacia & 
grevillea over Triodia basedowii Hummock Grassland 
95.1; Hummock grasslands, shrub steppe; acacia 
& grevillea over Triodia basedowii Hummock Grassland 
112; Hummock grasslands, shrub steppe; Acacia 
ligulata over Triodia plurinervata Hummock Grassland 
112.1;Hummock grasslands, shrub steppe; Acacia 
ligulata over Triodia plurinervata Hummock Grassland 
125; Bare areas; salt lakes Other 
127; Bare areas; mud flats Other 
129; Bare areas; rock outcrops Other 
158; Hummock grasslands, shrub steppe; kanji 
over Triodia basedowii Hummock Grassland 
160; Shrublands; snakewood & Acacia victoriae 
scrub Acacia Shrubland 
160.1; Shrublands; snakewood & Acacia victoriae 
scrub Acacia Shrubland 
160.2; Shrublands; snakewood & Acacia victoriae 
scrub Acacia Shrubland 
162; Shrublands; snakewood  scrub Acacia Shrubland 
165; Low woodland; mulga & snakewood (Acacia 
eremaea) Mulga Woodland 
166; Low woodland; mulga & Acacia victoriae Mulga Woodland 
167.1; Shrublands; Acacia victoriae & snakewood 
open scrub Acacia Shrubland 
168; Shrublands; mulga, Acacia victoriae & 
snakewood scrub Acacia Shrubland 
182; Low woodland; mulga & bowgada (Acacia 
ramulosa) Mulga Woodland 
183; Low woodland; mulga, Acacia victoriae & 
snakewood Mulga Woodland 
184; Shrublands; mulga & bowgada scrub Acacia Shrubland 
184.2; Shrublands; mulga & bowgada scrub Acacia Shrubland 
184.3; Shrublands; mulga & bowgada scrub Acacia Shrubland 
186; Shrublands; Acacia sclerosperma & A. 
victoriae open scrub Acacia Shrubland 
186.1; Shrublands; Acacia sclerosperma & A. 
victoriae open scrub Acacia Shrubland 
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200; Mosaic: Low woodland over scrub; mulga over 
bowgada scrub / Shrublands; bowgada & grevillea 
scrub on sandhills Acacia Shrubland 
205; Shrublands; Acacia sclerosperma & bowgada 
scrub Acacia Shrubland 
205.1; Shrublands; Acacia sclerosperma & 
bowgada scrub Acacia Shrubland 
205.2; Shrublands; Acacia sclerosperma & 
bowgada scrub Acacia Shrubland 
205.3; Shrublands; Acacia sclerosperma & 
bowgada scrub Acacia Shrubland 
205.4; Shrublands; Acacia sclerosperma & 
bowgada scrub Acacia Shrubland 
205.5; Shrublands; Acacia sclerosperma & 
bowgada scrub Acacia Shrubland 
206.1; Shrublands; bowgada & grevillea scrub Acacia Shrubland 
206.2; Shrublands; bowgada & grevillea scrub Acacia Shrubland 
208; Mosaic: Shrublands; Acacia sclerosperma & 
bowgada scrub /  Shrublands; bowgada & grevillea 
scrub Acacia Shrubland 
208.1; Mosaic: Shrublands; Acacia sclerosperma & 
bowgada scrub /  Shrublands; bowgada & grevillea 
scrub Acacia Shrubland 
209.1; Shrublands; Acacia sclerosperma & 
minnieritchie scrub Acacia Shrubland 
221; Succulent steppe; saltbush Succulent Shrubland 
224.1; Shrublands; waterwood & Acacia victoriae 
scrub Acacia Shrubland 
226; Mosaic: Shrublands; Acacia sclerosperma & 
bowgada scrub / Succulent steppe; samphire Acacia Shrubland 
229; Mosaic: Shrublands; bowgada and associated 
spp scrub / Shrublands; bowgada & grevillea scrub Acacia Shrubland 
240.2; Succulent steppe with open scrub; scattered 
Acaica sclerosperma & bowgada over saltbush & 
bluebush Succulent Shrubland 
242; Succulent steppe with scrub; snakewood over 
saltbush Succulent Shrubland 
243; Shrublands; bowgada & minnieritchie scrub Acacia Shrubland 
244; Shrublands; Acacia sclerosperma & A. 
victoriae scrub Acacia Shrubland 
244.1; Shrublands; Acacia sclerosperma & A. 
victoriae scrub Acacia Shrubland 
244.2; Shrublands; Acacia sclerosperma & A. 
victoriae scrub Acacia Shrubland 
245; Mosaic: Shrublands; bowgada & minnieritchie 
scrub / Succulent steppe; saltbush & bluebush Acacia Shrubland 
246.1; Hummock grasslands, low tree steppe; 
Eucalyptus dongarraensis & E. foecunda over 
Triodia plurinervata Hummock Grassland 
133 
 
248.1; Shrublands; bowgada scrub with scattered  
red mallee & Eucalyptus sp. Acacia Shrubland 
260; Mosaic: Shrublands tree-heath between 
sandhills; Banksia ashbyi, Grevillea gordoniana, 
Acacia spp., Melaleuca and mallee / Shrublands; 
scrub-heath Heathland 
264; Low woodland; Acacia victoriae & snakewood Acacia Woodland 
264.1; Low woodland; Acacia victoriae & 
snakewood Acacia Woodland 
264.2; Low woodland; Acacia victoriae & 
snakewood Acacia Woodland 
265; Low woodland; Acacia sclerosperma & A. 
victoriae Acacia Woodland 
265.1; Low woodland; Acacia sclerosperma & A. 
victoriae Acacia Woodland 
267.1; Succulent steppe with open scrub; scattered 
Acaica sclerosperma & A. victoriae over saltbush & 
bluebush Succulent Shrubland 
269.3; Low woodland over scrub; mulga over 
bowgada scrub Mulga Woodland 
281; Shrublands; mulga & bowgada open scrub Acacia Shrubland 
282.1; Shrublands; Acacia sclerosperma & A. 
victoriae sparse scrub Acacia Shrubland 
283.1; Shrublands; Acacia sclerosperma, bowgada 
& A. victoriae scrub Acacia Shrubland 
283; Shrublands; Acacia sclerosperma, bowgada & 
A. victoriae scrub Acacia Shrubland 
283.2; Shrublands; Acacia sclerosperma, bowgada 
& A. victoriae scrub Acacia Shrubland 
284.1; Mosaic: Shrublands; Acacia sclerosperma & 
bowgada scrub / Shrublands; snakewood & Acacia 
victoriae scrub Acacia Shrubland 
301; Hummock grassland; shrub steppe; mixed 
scrub, hard spinifex (Triodia basedowii) with dwarf 
shrubs Hummock Grassland 
301.1; Hummock grassland; shrub steppe; mixed 
scrub, hard spinifex (Triodia basedowii) with dwarf 
shrubs Hummock Grassland 
303.1; Sparse succulent steppe; bluebush with 
very sparse snakewood shrubs Succulent Shrubland 
304; Sparse low woodland; Acacia victoriae & 
snakewood in scatttered groups Acacia Woodland 
307; Low woodland; bowgada & Acacia 
subtressarogona Acacia Woodland 
307.1; Low woodland; bowgada & Acacia 
subtressarogona Acacia Woodland 
308; Mosaic: Shrublands; Acacia sclerosperma 
sparse scrub / Succulent steppe; saltbush & 
bluebush Succulent Shrublands 
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308.1; Mosaic: Shrublands; Acacia sclerosperma 
sparse scrub / Succulent steppe; saltbush & 
bluebush Succulent Shrublands 
320; Shrublands; bowgada & Acacia victoriae scrub Acacia Shrubland 
321.1; Mosaic: Shrublands; Acacia sclerosperma & 
bowgada scrub / Succulent steppe; saltbush & 
bluebush Succulent Shrublands 
323.1; Shrublands; Acacia sclerosperma, bowgada 
& snakewood scrub Acacia Shrubland 
325; Succulent steppe; saltbush & samphire Succulent Shrubland 
325.2; Succulent steppe; saltbush & samphire Succulent Shrubland 
328; Succulent steppe with scrub; waterwood & 
Acacia sclerosperma over saltbush & samphire Succulent Shrubland 
329.1; Shrublands; dwarf waterwood (Acacia 
coriacea) shrubs on recent dunes Acacia Shrubland 
342; Mosaic: Low woodland; waterwood / 
Shrublands; Acacia sclerosperma & bowgada 
scrub Acacia Shrubland 
344.1; Mosaic: Shrublands; bowgada scrub and 
associated spp / Shrublands; Acacia sclerosperma, 
bowgada & A. victoriae scrub Acacia Shrubland 
345; Mosaic: Shrublands; Acacia sclerosperma & 
A. victoriae patchy scrub, barren / Succulent 
steppe; saltbush & bluebush Succulent Shrublands 
345.1; Mosaic: Shrublands; Acacia sclerosperma & 
A. victoriae patchy scrub, barren / Succulent 
steppe; saltbush & bluebush Succulent Shrublands 
346.1; Mosaic: Shrublands; Acacia sclerosperma, 
A. victoriae & snakewood scrub / Shrublands; 
patches of low mixed scrub Acacia Shrubland 
347.1; Mosaic: Shrublands; Acacia sclerosperma, 
A. victoriae & snakewood scrub patches /  
Succulent steppe; bluebush Succulent Shrublands 
349; Mosaic: Shrublands; bowgada scrub with 
scattered mulga /  Shrublands; bowgada & 
grevillea scrub Acacia Shrubland 
349.1; Mosaic: Shrublands; bowgada scrub with 
scattered mulga /  Shrublands; bowgada & 
grevillea scrub Acacia Shrubland 
360; Shrublands; bowgada scrub with scattered 
mulga Acacia Shrubland 
361.1; Shrublands; bowgada & minnieritchie scrub 
with scattered  mulga Acacia Shrubland 
362; Mosaic: Shrublands; bowgada & minnieritchie 
scrub with scattered mulga / Scattered groups of 
saltbush/bluebush Acacia Shrubland 
363.1; Shrublands; bowgada scrub with scattered 
cypress pine Acacia Shrubland 
364; Shrublands; bowgada scrub with scattered Acacia Shrubland 
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eucalypts & cypress pine 
365; Shrublands; bowgada & jam scrub with 
scattered York gum & red mallee Acacia Shrubland 
368.1; Shrublands tree-heath between sandhills; 
Banksia ashbyi, Grevillea gordoniana, Acacia spp., 
Melaleuca and mallee Heathland 
380; Shrublands; scrub-heath on sandplain Heathland 
380.3; Shrublands; scrub-heath on sandplain Heathland 
383; Shrublands; Acacia rostellifera scrub-heath Heathland 
384.1; Shrublands; mallee & acacia thicket on 
coastal dunes (central west) Heathland 
386; Low woodland; York gum Other 
387; Shrublands; Melaleuca cardiophylla thicket Heathland 
401.1; Mosaic: Shrublands; scrub-heath on coastal 
association on yellow sandplain / Shrublands; 
acacia patchy scrub Heathland 
402.1; Shrublands; heath on coastal limestone Heathland 
405; Shrublands; Acacia sclerosperma, bowgada & 
jam scrub Acacia Shrubland 
406.1; Shrublands; acacia, casuarina, Eucalyptus 
eudesmioides, Banksia ashbyi & other mixed 
species thicket Heathland 
407.1; Low woodland over scrub; Allocasuarina 
heugeliana over jam scrub Acacia Woodland 
408; Shrublands; scrub-heath on coastal 
association, yellow sandplain Heathland 
658; Shrublands; Acacia sclerosperma & 
snakewood scrub (also with some waterwood) Acacia Shrubland 
658.1; Shrublands; Acacia sclerosperma & 
snakewood scrub (also with some waterwood) Acacia Shrubland 
676; Succulent steppe; samphire Succulent Shrubland 
676.21; Succulent steppe; samphire Succulent Shrubland 
676.6; Succulent steppe; samphire Succulent Shrubland 
676.7; Succulent steppe; samphire Succulent Shrubland 
676.8; Succulent steppe; samphire Succulent Shrubland 
984.2; Mosaic: Shrublands; acacia & melaleuca 
scrub / Succulent steppe; saltbush Succulent Shrubland 
1100.1; Hummock grassland; dwarf shrub Steppe; 
mixed ericoid shrubs & spinifex Hummock Grassland 
1101; Shrublands; Acacia ligulata x rostellifera 
thicket Heathland 
1102.2; Mosaic: Shrublands; mixed  heath / 
Shrublands; acacia patchy scrub Heathland 
1104.1; Mosaic: Shrublands; scrub-heath / 
Shrublands; Acacia rostellifera & Melaleuca 
cardiophylla thickets Heathland 
1106.1; Mosaic: Shrublands; scrub-heath / 
Shrublands; acacia various species scrub Heathland 
1107; Open low woodland; Eucalyptus oraria Heathland 
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1271; Bare areas; claypans  Other 
1271.1; Bare areas; claypans Other 
1322.1; Shrublands; Acacia sclerosperma, A. 
victoriae & snakewood scrub Acacia Shrublands 
1325; Succulent steppe with very open low trees; 
coolebah over saltbush & samphire Succulent Shrublands 
1325.1; Succulent steppe with very open low trees; 
coolebah over saltbush & samphire Succulent Shrublands 
1423.1; Shrublands; scrub-heath in Shark Bay 
area, mainly Acacia spp. Acacia Shrublands 
2081; Shrublands; bowgada and associated spp. 
scrub Acacia Shrublands 
2081.3; Shrublands; bowgada and associated spp. 
scrub Acacia Shrublands 
2081.5; Shrublands; bowgada and associated spp. 
scrub Acacia Shrublands 
2081.6; Shrublands; bowgada and associated spp. 
scrub Acacia Shrublands 
2081.7; Shrublands; bowgada and associated spp. 
scrub Acacia Shrublands 
2081.8; Shrublands; bowgada and associated spp. 
scrub Acacia Shrublands 
2081.9; Shrublands; bowgada and associated spp. 
scrub Acacia Shrublands 
2685; Shrublands; Acacia quadrimarginea & jam 
scrub on greenstone Acacia Shrublands 
3432; Mosaic: Low woodland; waterwood / 
Shrublands; Acacia sclerosperma, A. victoriae & A. 
subtressarogona scrub Acacia Shrublands 
3432.1; Mosaic: Low woodland; waterwood / 
Shrublands; Acacia sclerosperma, A. victoriae & A. 
subtressarogona scrub Acacia Shrublands 
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7.6 Appendix D. Weather stations used in study. 
 
Weather station (study 
area in brackets) 
Data Dates used 
Kalbarri 
(South) 
Days per year over 35°C. 
Mean maximum monthly 
temperature (°C). 
Yearly rainfall (mm). 
1971-1985 1987-2012 
1971-1973 1975-1985 
1990-1997 1999-2012 
1971-1973 1975-2002 
2004-2012 
Eurardy 
(South) 
Yearly rainfall (mm). 1984-1986 1988-2000 
2003-2005 2009-2012 
Billabong Asa 
(South) 
Yearly rainfall (mm). 1969 1971-1976 
Tamala 
(South) 
Yearly rainfall (mm). 1969-1975 1978-2000 
2002-2011 
Hamelin Pool 
(South) 
Days per year over 35°C. 
Mean maximum monthly 
temperature (°C). 
Yearly rainfall (mm). 
1969-1970 1973-1974 
1976-1979  
1969-1979 
 
1969-1979 1981-2001 
2004-2006 2008-2012 
Murchison 
(South) 
 
Days per year over 35°C. 
Mean maximum monthly 
temperature (°C). 
1990-1993 1996 1998-
2004 
1990-2009 2012 
Geraldton Airport 
(South) 
Days per year over 35°C. 
Mean maximum monthly 
temperature (°C). 
1969-2012 
1986-1989 
Marron 
(North) 
 
Yearly rainfall (mm). 1984-2011 
Ella Valla 
(North) 
Yearly rainfall (mm). 1984-1999 2002-2004 
Minilya 
(North) 
Yearly rainfall (mm). 1984-2000 2002-2007 
2010 
Gnaraloo 
(North) 
Yearly rainfall (mm). 1984-1989 1991-1997 
2003-2004 2007 2011-
2012 
Gascoyne Junction 
(North) 
Days per year over 35°C. 
 
Mean maximum monthly 
temperature (°C). 
1972-1973 1984 1988-
1995 1997 1999-2007 
2010 
1972-1974 1984 1988-
1997 2000-2011 
Carnarvon Airport 
(North) 
Days per year over 35°C. 
Mean maximum monthly 
temperature (°C). 
1969-2012 
1969-2012 
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7.8 Appendix E. Dates of Landsat images used for fire scar 
detection. 
 
Year Dates of Landsat images used dd/mm 
1973 04/10, 10/11, 11/11, 16/12, 17/12, 29/08  
1974 02/07, 04/01, 09/02, 13/06, 14/06, 21/01, 22/01, 27/02 
1975 06/07, 11/08, 12/08, 18/06, 22/10, 27/11, 28/11 
1976 09/12, 16/10, 21/11, 30/06 
1977 05/09, 16/11, 18/08, 21/12, 22/12, 23/09 
1978 02/11, 03/03, 05/08, 05/10, 06/10, 08/12, 10/09, 12/11, 15/10, 17/12, 
18/12, 20/11, 21/08, 22/08, 23/08, 24/10, 16/12, 27/01, 28/09, 29/11 
1979 05/01, 08/03, 09/03, 13/01, 18/02, 19/02, 23/01, 31/01 
1980 Data was corrupted and/or clouded. 
1981 01/07, 03/11, 07/03, 08/05, 10/09, 12/06, 16/10, 20/04, 21/11, 22/11, 
23/08, 27/07, 28/09, 29/09 
1982 02/05, 03/05, 05/09, 07/06, 10/03, 11/10, 13/07, 14/04, 15/01, 16/11, 
17/11, 18/08, 20/02, 23/09, 25/06, 26/06, 28/03, 29/10 
1983 14/05, 19/02, 30/05 
1984 03/09, 05/10, 19/09, 21/10 
1985 Data was corrupted and/or clouded. 
1986 16/08, 22/05 
1987 02/09, 04/09, 05/11, 07/12, 11/09, 14/11, 16/12, 17/08, 18/09, 20/10, 
21/11, 22/05, 23/12, 27/09, 29/05, 29/10, 30/11, 31/05 
1988 01/05, 02/02, 06/04, 06/10, 08/01, 08/10, 09/12, 09/02, 09/11, 10/01, 
11/12, 11/02, 12/03, 13/04, 14/03, 15/10, 16/06, 17/01, 18/02, 21/03, 
22/10, 23/11, 24/01, 24/10, 25/12, 25/02, 25/11, 26/01, 27/12, 27/02, 
28/03, 30/03, 31/10 
1989 01/03, 03/01, 03/11, 04/02, 05/12, 08/03, 09/04, 09/10, 10/01, 10/11, 
11/02, 11/10, 12/12, 12/11, 13/02, 14/12, 15/03, 17/03, 18/10, 19/01, 
19/11, 21/12, 24/04, 26/11, 27/02, 28/12, 28/01, 28/11 
1990 01/07, 08/07, 09/08, 11/08, 14/02, 16/02, 18/08, 23/02, 24/07, 26/07, 
31/01 
1991 02/01, 03/02, 04/07, 09/12, 10/02, 11/07, 12/08, 13/07, 14/08, 17/12, 
18/11, 20/07, 21/08, 25/11, 27/07, 28/08, 30/08 
1992 03/01, 04/02, 05/11, 07/08, 13/12, 14/08, 20/02, 21/11, 22/12, 23/08, 
28/11, 29/12, 29/07 
1993 01/08, 05/11, 09/06, 15/02, 16/07, 17/08, 21/11, 22/12, 26/08, 30/11 
1994 02/12, 03/07, 08/11, 09/12, 12/07, 13/08, 17/11, 20/08, 24/11, 28/07, 
29/08 
1995 01/09, 04/11, 05/12, 06/07, 07/08, 08/09, 11/11, 16/08, 20/11, 21/12, 
24/09 
1996 03/09, 07/11, 09/08, 14/11, 15/12, 22/06, 23/11, 25/08, 30/11 
1997 01/12, 02/06, 08/10, 09/11, 10/12, 11/07, 12/08, 16/11, 17/12, 25/11, 
26/12, 27/07 
1998 03/11, 04/12, 07/07, 08/08, 12/11, 13/12, 14/07, 20/12, 23/07, 31/08 
1999 02/07, 04/09, 09/12, 19/08 
2000 12/08, 20/12, 21/08 
2001 08/12, 14/07, 23/07, 31/08 
2002 06/11, 15/11, 16/12 
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2003 03/12, 09/07, 18/11, 26/12 
2004 04/06, 07/08, 08/07, 12/11, 13/06, 15/07, 20/11, 21/11, 29/06 
2005 02/07, 07/12, 14/11, 25/07 
2006 01/11, 02/12, 05/07, 12/07, 15/03 
2007 02/10, 03/09, 13/11, 13/07, 20/11, 22/06 
2008 01/12, 01/07, 07/11, 08/06, 16/11, 18/08 
2009 02/11, 09/11, 13/07, 18/07, 18/06 
2010 05/11, 07/07, 12/12, 30/06 
2011 08/12, 08/07, 15/11, 17/06 
2012 03/06, 06/10, 07/09, 12/12, 12/07, 22/10, 28/07 
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